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Abstract 
SOME MAGNETIC PROPERTIES OF BORE C O R E 
SEDIMENTS 
Huajun Shi 
The first eight chapters of this thesis describe a study of the magnetic 
effects of drilling on bore cores of sedimentary rocks. Extensive rock-
and palaeo- magnetic methods were used to investigate such effects in 
three collections of bore cores from the North Sea and Sellafield, U.K., 
and Prudhoe Bay, Alaska. It is evident that a drilling imposed remanent 
magnetisation (DIRM) resides in the North Sea and Prudhoe Bay bore 
cores which is characterised by symmetries in its intensity and direction 
relative to the core axis. Such DIRM correlated well with the 
theoretically modelled magnetic field at one end of a steel drill barrel. 
The DIRM intensity distribution also appeared to be correlated with 
variation in the radial remanence susceptibility (i.e. the capacity of 
remanence acquisition) in the North Sea and Prudhoe Bay cores and 
magnetic susceptibility in the North Sea cores. Simulation experiments 
of shock impact conducted on bore core materials suggests that 
shockA'ibration of the drill barrel is the major process that is responsible 
for the radial variation in core magnetic properties. Titanomagnetite 
(including magnetite) and pyrrhotite are the major carriers of DIRM but 
there is no DIRM identified in bore cores in which hematite is the only 
ferromagnetic mineral. 
Chapter 9 describes a novel attempt in using fractal geometry to 
statistically depict the geomagnetic field reversal sequence. A fractal 
distribution is shown to occur for longer geomagnetic polarity intervals (> 
0.28 Ma) in terms of a power law relationship between interval length and 
cumulative number for the last 158 Ma. A simulation study indicates that 
the deviation from the power law at shorter intervals (< 0.28 Ma) is 
caused by missing of short intervals due to the limit of resolving power. 
This is strongly supported by a fractal model (i.e. a Cantor set) introduced 
for relating the shortest polarity interval, the transition time and the fractal 
dimension. Normal and reversed polarity intervals have similar fractal 
dimensions, suggesting that there is no, statistically, fundamental 
difference between the two magnetic polarity states. 
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Abbreviations and symbols 
The following is a short list of abbreviations and symbols used in this 
thesis. 
DIRM Drilling imposed remanent magnetisation 
NRM Natural remanent magnetisation 
TRM TTiemial remanent magnetisation 
ARM Anhysteretic remanent magnetisation 
IRM Isothermal remanent magnetisation 
CRM Chemical remanent magnetisation 
PRM Piezo-remanent magnetisation 
RRM Rotational remanent magnetisation 
VRM Viscous remanent magnetisation 
AF Altemating field 
Remanence coercivity (in mT) 
Dec Magnetic declination (measured in degrees E of N) 
Inc Magnetic inclination (regards as positive downwards) 
M Intensity of magnetic remanent magnetisation 
MQ Intensity of magnetic remanent magnetisation of sample 
before AF or thermal treatment 
k or X Low field volume magnetic susceptibility 
PGFD Present Geomagnetic Field Direction 
SD Single domain 
PSD Pseudo-single domain 
MD Multi-domain 
MDF Median destructive field: the demagnetising field required to 
reduce the initial NRM intensity by half 
MDT Median destructive temperature: the temperature at which 
the initial NRM intensity reduces by half 
RCF Remanent coercivity force: the field at zero remanent 
magnetisation on the back field curve of hysteresis loop 
RACF Remanent acquisition coercivity force: the field at 50% 
saturation magnetisation on the acquisition curve 
MAD Maximum angular deviation 
^1 Mmax/Mmin» where Mmax and Mjnin are the maximum and 
minimum principal axes of the remanence (or susceptibility) 
ellipsoid (Mjnt is the intermediate principal axes) 
P} exp^{2[(Ti, -Ti„)' +(TI2 - T I „ ) ' + ( T I 3 -T I„ ) ' ] } , where Tli=lnMmax. 
Ti2=lnMini, Ti3='nMmin. and Tln,=(Tii4-Ti2+Tl3)/3: magnetic 
anisotropy degree 
T 2 j ^ ^ — 1 : magnetic anisotropy ellipsoid shape parameter 
H Magnetic field 
B Magnetic induction 
\Xq Permeability in air 
\i Absolute permeability 
CORA Capacity of remanence (ARM or IRM) acquisition 
/ Momentum 
P Impulse in Chapter 7; Shortest geomagnetic polarity interval 
in Chapter 9 
g Acceleration due to gravity 
E Intensity (or energy) of shock wave in a media 
S.I. Syst^me Internationale 
SEM Scanning electron microscopy 
D Fractal dimension 
Ma Million years 
T Transition time of a geomagnetic field reversal 
G Relative gap size in Cantor set 
Coefficient of determination 
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Magnetic effect of drilling on bore cores of sedimentary rocks 
Chapter 1 Introduction 
As a rapidly developing geoscience, rock- and palaeo-magnetism is 
continually providing new infomiation on Earth's evolution through 
investigations of the magnetic signature in rocks. Core drilling, the 
cutting of a representative cylinder of rock, is perhaps the most important 
technique available for gaining rock samples for rock- and paleo-magnetic 
studies of the Earth's subsurface. Bore cores thus obtained can be used to 
supply orientation infonnation for evaluating any directional 
characteristics of a formation as well as other palaeomagnetic 
information. The advent of high quality rock magnetic instruments, 
especially the cryogenic long core magnetometers developed in recent 
years, enable fast and detailed study of the magnetic properties of bore 
cores. However, the magnetic information recorded in bore cores has 
often found to be disturbed and sometimes can be completely altered by 
the drilling process. This adds additional difficulties in isolating the 
useful magnetic signatures. 
Kuster (1969) was probably the first to have noticed the possible effect of 
drilling on the magnetic property of rocks, when he observed that there 
was a component of remanent magnetisation in the direction of the drill 
axis in cores of Palaeozoic volcanic rocks, which he attributed to drilling. 
The effect was subsequently observed by other researchers (Sallomy & 
Briden 1975, Ade-Hall & Johnson 1976). Bumiester (1977) conducted 
the first detailed study of the effect in granitic plutonic rocks and he 
named it 'drilling induced remanence'. More recently the effect has been 
found in many bore cores of both igneous and sedimentary rocks (e.g. 
Audunsson & Levi 1989, Li et al. 1991), especially in marine sedimentary 
10 
bore cores (Ozdemir et al. 1988), and the phenomenon has now drawn 
much attention from rock- and palaeo-magnetists. The term "drilling 
imposed remanent magnetisation" (DIRM) is used throughout this thesis 
instead of the popularly used "drilling induced remanent magnetisation" 
due to the misleading impression caused by the latter that the effect only 
exists in the process of drilling. 
Some characteristics of the DIRM are detailed in Table 1.1 from 10 
previous observations by others and some of the main features are 
summarised below: 
a) Directions of DIRM 
Most of the studies showed that the DIRM was approximately vertically 
oriented, but the direction could be upwards (e.g. Ade-Hall & Johnson 
1976, Li et al. 1991) or downwards (e.g. Kodama 1984, Audunsson & 
Levi 1989). 
b) Intensity of DIRM 
The intensity of DIRM was mostly large compared with other remanent 
components and some studies concluded that DIRM could completely 
mask any pre-existing remanences (e.g. Sallomy & Briden 1975). 
c) Stability of DIRM 
The remanent coercivity of DIRM mostly ranged between 20 - 80 mT and 
the unblocking temperatures between 100 - 580 °C. 
d) Depth dependence 
Sallomy and Briden (1975) argued that DIRM was a function of depth 
with the strongest effect at the deepest level, but some researchers have 
shown DIRM in shallow or outcrop drilling (e.g. Jackson and Van der 
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Voo 1985). Others have found no correlation between DIRM and depth 
of bore cores (e.g. Kodama 1984, Audunsson & Levi 1989). 
e) Minerals responsible for DIRM 
DIRM occurs in both sedimentary and igneous rocks, but the magnetic 
minerals regarded as carrying DIRM were mostly titanomagnetite or 
magnetite. 
Several explanations have been suggested for the possible mechanisms 
involved for producing such DIRM. These include partial thermal 
remanence (Sallomy & Briden 1975), stress-aided viscous remanence 
(Bunnester 1977), piezo-remanence (Kodama 1984) and isothermal 
remanence (Audunsson & Levi 1989). Most of these were based on 
isolated phenomena and lacked systematic work, so the conclusions of 
different researchers differed significantly and were sometimes 
contradictory. This reflected the complexity of the effect. It is the 
purpose of the first eight chapters of this thesis to examine the 
characteristics of the drilling effect on bore cores and to investigate the 
origin of DIRM. This includes 
a) rock- and palaeo- magnetic investigation of the bore cores from three 
wells of different localities (Chapters 3 to 5); 
b) a numerical modelling of the magnetic field inside a drill barrel and the 
comparison between the calculated result with experimental measurement 
(Chapter 6), and 
c) laboratory simulated studies on the magnetic effect of shock/vibration 
on bore core rocks (Chapter 7). 
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Table L I . Some previous work on drilling imposed remanent magnetization (DIRM) 
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* A diamond drill is actually a steel drill with diamond impregnated at the aperture of the drill bit. 
Chapter 2 Basic instruments 
2.1 The rotary drill barrel 
The drill barrel is probably the most important tool in down-hole rotary 
core-drilling because it catches the core and holds it during the cutting 
and recovery. Fig. 2.1 shows the cross section of a typical wireline 
drilling system. The core is held in an inner barrel of a smooth alloy 
tubing (usually steel) for facilitating core entry. The outer barrel, which 
is usually also steel tubing, surrounds the inner barrel that remains 
stationary while the outer barrel tums. The inner tube containing the core 
can be lifted to the surface without withdrawing the whole core barrel. 
The British Standard for rotary core-drilling equipment, BS4019, defines 
the sizes, designs, threads, tolerances, metal quality and so on (Joyce 
1982), and this enables all parts of every core barrel of the same 
designation theoretically to be fully interchangeable. Fig. 2.2 shows two 
examples of the sizes of the drill barrels used for recovering bore cores. 
2.2 Magnetometers 
Two magnetometers, the Geofizika JR-4 Spinner and Molspin 
Magnetometers, were used to determine the intensities and directions of 
remanent magnetisations in rock specimens. The physical principles of 
the two instruments are similar. During measurement, the specimen is 
rotated near or within a coil or ring fluxgate system. The signal is read 
and is passed to a computer which stores and Fourier analyses the data. 
The sample is spun in six mutually perpendicular orientations (i.e. any 
two of X , y, z are in turn perpendicular to the spin axis). It takes about 2 -
16 
Outer barrel 






Latch retracting case 
Latches 
Inner barrel swivel 
Inner barrel 
Core catcher box 
Bit 
Fig. 2.1 Principal components of the Longyear NQ-3 wireline drilling 




r Core barrel 
76 m m core 
100 m m hole 
114 m m casing 
92 m m core 
121 m m hole 
140 m m casing 
Fig. 2.2 Two examples of the geometry of the drill barrels used for 
recovering the bore cores. 
Casing is used to prevent caving-in of the side walls. 
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3 minutes to obtain the declination, inclination and intensity of the 
remanence of each sample from all the six spins. A standard sample is 
used for the calibration of the instrument The two magnetometers have 
sensitivities of 3 micro A/m and 100 micro A/m respectively. 
23 Alternating field demagnetizer 
The alternating field (AF) demagnetizer consists basically of a coil, a 
capacity bank for tuning the coil, power supply and current reduction 
mechanism and magnetic shield. The coil produces an alternating field, 
which is reduced from a peak value to zero, along its axis. The field in 
the coil has a frequency of 180 Hz and a maximum peak value of 100 mT. 
For tumbling demagnetization the sample is put in a sample holder and 
simultaneously tumbled about two perpendicular axes. For stationary 
demagnetization the sample is simply placed at the required orientation 
relative to the axis of the coil of the demagnetizer. 
2.4 Pulse magnetizer 
This instrument is used to give a sample an isothermal remanent 
magnetisation (IRM) at a single temperature (commonly room 
temperature). A uniform magnetic field of variable strength up to 800 mT 
is produced for a short time (< 0.5 sec) by a coil in which a standard 
sample (a cylinder 2.54 cm long and 2.54 cm diameter) can be placed. 
The field is set by means of a dial, and the internal capacitors are charged 
until the charge is sufficient to provide the required current in the coil. 
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2.5 Molspin anisotropy delineator 
The instrximent consists principally of two pairs of Helmholtz coils which 
are aligned horizontally and mutually perpendicular. One set of coils 
carries alternating current at a frequency of about 10 kHz, generating a 
field of about 0.5 mT r.m.s. at the sample, and the other set is the pick-up 
coil. Due to the orthogonality of the coil system, there is no coupling 
between the coils and therefore no signal is produced at the pick-up coils 
when a sample possessing isotropic susceptibility is rotated in the coils. 
If, however, the sample is anisotropic in the plane perpendicular to the 
rotation axis, a sinusoidal signal, proportional in amplitude to the 
difference between the principal susceptibilities in the horizontal plane in 
the sample, is generated in the pick-up coils at twice the sample rotation 
frequency. The signal waveform derived from each revolution of the 
sample is stored in a computer Readings are taken over 2^ cycles, 
resulting in a total of 3840 readings which are then Fourier analysed in the 
computer. 
A complete measurement comprises three spins, one spin for each axis. 
Information from these three spins is rapidly converted by a program into 
the magnitudes of the maximum, intermediate and minimum 
susceptibilities and the orientation of the principal axes of the ellipsoid 
relative to the reference directions of the sample. It should be noted that 
this system gives relative differences in the susceptibility of the axis. In 
conjunction with a measurement of the axial (bulk) susceptibility of the 
cylindrical sample O^^ j,) on the susceptibility meter supplied with the 
equipment, the absolute susceptibility value for each axis can be obtained. 
The sensitivity of the equipment is better than 1 micro (S.L). 
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Chapter 3 North Sea bore cores 
This collection of bore core sections was strongly oil stained late Jurassic 
(Oxfordian-Kimmeridgian) marine sandstone and had been drilled 
vertically at a depth of about 2000 m in North Sea, but the exact location 
is not released. The diameter of the bore cores was 76 mm but their 
azimuth was unknown. 
3.1 Magnetomineralogy 
One thin section, 20x20 mm2 in surface area and 45 | im in thickness, was 
cut from each of five separate bore core sections. These were then 
examined using optical microscopy, scanning electron microscopy (SEM) 
and X-ray analyses. The latter two microanalyses were carried out using 
a JSM-6100 scanning microscope. Optical and SEM observations of 
textures allow sequences of mineral formation to be determined, while X-
ray analysis can yield both qualitative identification and quantitative 
determinations of the elements present. 
The mineral contents were similar in the five thin sections. Quartz (Si02) 
was the dominant mineral, being about 90% by surface area. The rest 
10% were mainly sulphide minerals. Two categories of minerals 
containing iron were observed: iron sulphide and iron titanium oxide (Fig. 
3.1), but the abundance of the former was 3 - 4 times more than the latter. 
The inner part of the iron sulphide particles was identified as marcasite 
under optical microscope, which has the same composition as pyrite 
(FeS2), but under cross polarised light shows strong anisotropy. In 
21 
r 
Fig. 3.1 Scanning electron micrographs of a thin polished section from 
Core 18B. 
Upper: Secondary electron image. Lower: Back-scatter image. 
A: Iron sulphide minerals. B: Iron titanium oxide. The grey particles in 
the lower graph are quartz. 
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addition to marcasite, at the edges of the iron sulphide particles, magnetite 
(FC2O4) was identified which comprised some 5% - 20% of the cutting 
surface area of the iron sulphide particles, but there were no clear 
boundaries between the two minerals. It is believed that the magnetite 
was the end product of chemical changes originated from marcasite. 
The qualitative gross distributions of four elements, Si, Ti , Fe and S, were 
assessed using X-ray element mapping (Figs. 3.2 and 3.3). Quantitative 
X-ray element analysis showed that there were - 17.53% Fe and -
32.14% S in the marcasite grains (Table 3.1). The slight excess of Fe 
compared with pure marcasite indicated that some pyrrhotite (Fci.^S) may 
be present, probably as inclusions in the marcasite. In the iron titanium 
oxide particles, titanium ranged from 27.10% to 32.64%, with less than 
1% of iron present (Table 3.2). No ferromagnetic iron titanium oxide 
(e.g. titanomagnetite or titanohematite) could be composed if this low 
percentage of Fe was uniformly distributed within these iron titanium 
oxide particles. This small amount of Fe would also indicate a trivial, if 
any, content of ferromagnetic mineral provided there was locally 
concentrations of Fe. This, together with the lower abundance of iron 
titanium oxide particles in the samples, suggests that the iron titanium 
oxide particles are likely to be magnetically unimportant compared with 
the iron sulphide particles. 
Thermal demagnetisation of three orthogonal isothermal remanences 
(Lowrie 1990) was conducted on five samples from the five separate bore 
core sections to further define the ferromagnetic mineral content. The 
orthogonal IRM components were produced by pulsed fields in the 
following sequence: 800 mT along the z-axis, 400 mT along the y-axis 
and 100 mT along the x-axis. All the samples showed that the hard 
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Fig. 3.2 X-ray mapping of iron (Fe) (upper photograph) and titanium (Ti) 




Fig. 3.3 X-ray mapping of sulphur (S) (upper photograph) and silicon (Si) 




Particle 81 Particle S2 Particle S3 Particle S4 Particle S5 Particle S6 Particle S7 Particle S8 Particle S9 
Fe 17.59 17.43 17.58 17.47 17.51 17.56 17.64 17.49 17.50 17.5310.07 
S 32.22 32.12 32.06 32.15 32.24 32.14 31.95 32.19 32.16 32.14±0.09 
O 50.01 50.04 50.06 50.03 50.02 50.00 50.08 50.04 50.05 50.04i0.03 
Table 3.1 Element content of the inner part of nine iron sulphide particles in North Sea bore cores 
Atom.% Mean 
Particle T l Particle T2 Particle T3 Particle T4 Particle T5 
Fe 0,83 0.66 0.91 0.66 0.79 0.77±0.11 
Tl 32.64 27.10 31.87 23.90 28.62 28.83±3.57 
O 66.53 65.33 66.50 64.18 64.56 65.42±1.08 
Table 3.2 Element content of five iron titanium oxide particles in Nordi Sea bore cores 
component (400 mT< <800 mT, where H^^ . is the remanence 
coercivity) acquired along the z axis had an extremely low intensity 
compared with the other two components with lower remanence 
coercivities (Fig. 3.4). This indicated that hematite was presumably not a 
major ferromagnetic mineral*. Thermal demagnetisation of the soft (H^ < 
100 mT) and medium (100 mT< <400 mT) components showed three 
distinct groups of unblocking temperatures in the temperature range from 
230°C to 580**C: 
a) An abrupt unblocking of IRM at or below 330°C in specimens C-1 IB , 
E - l l B and C-15B. More than 50% of the original soft component were 
removed at 330°C for all the samples, providing strong evidence for the 
presence of pyrrhotite. 
b) A sharp drop in remanent intensity at about 450®C occurred in four 
samples; some 70% - 95% of the original soft and medium components 
were removed by this temperature. It is doubted that magnetite was 
responsible for this remanence decrease since the unblocking temperature 
was far below 580°C (the Curie point of magnetite). Considering the 
pervasive feature of marcasite, an altemative interpretation would be that 
marcasite was the carrier of the remanence. This speculation, however, 
has not been tested, as no literature has been found to characterise the 
magnetic properties of marcasite. 
c) All samples, except Sample E - l l B , showed a sharp decrease in IRM 
intensity at 580°C, an apparent indication of magnetite. 
* It should be pointed that the highest pulsed magnetic field thai can be produced by the pulsed 
magneiiser is 800 mT, hence the result could not exclude the possibility of presence of hematite with 
remanence coercivity higher than 800 mT. 
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continued on next page. 
Fig. 3.4 Thenmal demagnetisation of IRM of five North Sea specimens. 
The three orthogonal IRM components were acquired in 800 mT, 400 mT 






















Fig. 3.4 Contiuned. Legend same as previous page. 
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The susceptibility was also measured during the thermal demagnetisation. 
It was noted that following the sharp drop of remanence at 450°C there 
was an abrupt increase in susceptibility for all samples with one 
exception. The susceptibility maximised at temperatures of about 550°C. 
This susceptibility change suggested that significant magnetic mineral 
alteration occurred. The alteration product was probably magnetite 
originated from marcasite (Tariing 1983, Hauger & L0vlie 1992). 
3.2 Sample preparation 
For detailed rock-magnetic and petromagnetic investigations, two 25 mm 
diameter sub-cores were drilled transversely from the original bore core 
with a non-magnetic (phosphor bronze) bit (Fig. 3.5). The sub-cores were 
drilled with their axes anti-parallel to each other in order to examine 
whether laboratory drilling would impose any DIRM in them. If there 
was such a component then it could be identified by observing the NRM 
of the two sub-cores. The sub-cores were then cut into 5 small core-plug 
samples with same height ( - 14 mm) and were coded as A, B, C, D and 
E. The cutting of the sub-cores was conducted using a circular saw with a 
non-magnetic phosphor bronze blade. Some poorly consolidated sub-
cores were cut into 4 small core-plugs. 
33 'NRM' intensity and direction 
All remanence measurements were conducted in the coordinates of sub-
cores, using the arrow on the side surface of the original core as the X-
axis of the sub-core (Fig. 3.5). For convenience, the results were all 





Fig. 3.5 Sampling of sub-cores from the bore core. 
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attached to bore cores are, unless it is otherwise indicated, used 
throughout this thesis. A Geofyzika JR4 spinner magnetometer was used 
for the remanence measurements and has a sensitivity of 3 micro AAn 
(Chapter 2). 
The radial dependence of NRM in 10 typical sub-cores showed that both 
remanence intensity and orientation were symmetrical about the core axis 
(Figs. 3.6 and 3.7). The general trends were that the remanence intensity 
reaches its maximum at the side surface of the cores (i.e. core plugs A and 
E) and the remanence was directed inwardly downwards. The 
inclinations of the central plugs were close to vertical, but those of surface 
plugs were much shallower (Mean inclination = 63. P), strongly 
suggesting that the NRM was controlled by a large component of DIRM 
acquired during the original drilling and that the magnetic field that 
produced this remanence must be originated from the original drill barrel. 
3.4 Low field susceptibility versus ARM susceptibility 
Low field volume susceptibility and anhysteretic remanent magnetisation 
(ARM) susceptibility were measured on 65 core plugs from 13 sub-cores. 
The ARM was produced by superimposing a parallel alternating field 
(AF) on a small direct magnetic field. The intensities of the peak AF and 
the direct field were 100 mT and 0.1 mT respectively. The ARM 
susceptibility is defined as the ratio of the remanence acquired to the 
intensity of the direct field applied to produce the remanence. Hence, the 
ARM susceptibility, like the volume susceptibility, is also dimensionless 
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Fig. 3.6 Radial distribution of NRM in 10 typical North Sea bore core sections. 
The NRM at each radial position in the plot on the right is the arithmetic mean of the NRMs in core plugs at the same 
radial position. 
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Fig. 3.7 Stereoplot of radial dependence of NRM directions in 10 sub-cores. 
The sub-cores were all drilled along the X-axis of the original bore cores. The plots 
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Fig. 3.8 Radial dependence of low field volume susceptibility and 
ARM susceptibility. 
Both susceptibilities are arithmetic means of 13 core plugs at the same 
position. The ARM was acquired in 0.1 mT direct field and AF with 
100 mT peak field. 
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Magnetic susceptibility (micro S.I.) 
ctionXPlug A B C D E 
11B 0.22 -5.80 -4.00 -3.34 37.68 
13B 2.33 -6.20 1.55 2.22 50.10 
13R 50.30 -0.44 -2.32 -0.33 0.22 
15B -1.10 -1.85 -3.04 -2.40 13.79 
18B 1.39 -3.23 -1.03 -6.01 24.00 
18R 9.93 -2.76 -2.32 -3.31 -1.77 
28R 13.00 -5.56 -4.92 -1.74 3.68 
21B 1.43 -1.43 -2.00 -2.00 28.22 
21R 8.00 -2.73 -3.52 -5.98 -0.60 
30B 2.21 -3.00 -2.76 -3.53 20.50 
30R 18.19 -1.90 -3.50 -2.20 2.20 
48R -2.21 -3.00 -2.43 -2.10 1.00 
49R 0.20 -4.04 -0.80 -0.50 1.23 
Mean 7.99 -3.23 -2.39 -2.40 13.87 
Table 3.3 Low field magnetic susceptibilties of the plugs from 13 
North Sea core sections. 
ARM susceptibility (S.I.) 
ction\Plug A B C D E 
11B 0.231 0.060 0.055 0.082 0.560 
13B 0.777 0.680 0.354 0.561 1.680 
13R 1.437 0.420 0.134 0.600 0.720 
15B 0.278 0.102 0.235 0.325 1.200 
188 0.569 0.101 0.100 0.063 0.884 
18R 0.987 0.360 0.295 0.414 0.794 
218 0.715 0.234 0.030 0.060 1.140 
21R 0.088 0.025 0.013 0.025 0.063 
28R 0.066 0.022 0.023 0.028 0.051 
308 0.737 0.680 0.790 0.554 1.040 
30R 1.054 0.963 0.238 0.324 0.563 
48R 0.324 0.114 0.112 0.235 0.670 
49 R 0.108 0.032 0.021 0.022 0.318 
Mean 0.567 0.292 0.185 0.253 0.745 
Table 3.4 ARM susceptibilities of plugs from 13 Nortn Sea core 
sections. 
The ARM was acquired in 0.1 mT direct field and AF with 100 mT 
peak field. 
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Radial dependences of the two magnetic quantities for each radial 
position (also marked as A, B, C, D and E) were then averaged over the 
13 core plugs at the same position (Tables 3.3 and 3,4, Fig. 3.8). Both 
the low field susceptibility and ARM susceptibility showed similar radial 
variations, suggesting symmetrical distributions about the core axis. The 
maximum values of the two susceptibilities were at the bore core surface 
and the minimum values at its centre. Thus the question is raised as to the 
process which resulted in this radial magnetic property variation in the 
bore cores. 
3.5 Magnetic Anisotropy 
Most of these bore core sections showed diamagnetic susceptibilities (k < 
0) and the absolute values of the susceptibilities were very low (cf. Table 
3.3). Measurements also indicated different signs of susceptibility for 
different principal axes. These made it virtually impossible to determine 
the susceptibility anisotropy for these bore cores. To overcome this 
problem, their IRM anisotropics were measured. It should be pointed out 
that remanence anisotropy is different from susceptibility anisotropy. The 
susceptibility anisotropy is due to dia-, para- and ferro- magnetic 
minerals, while remanence anisotropy is solely associated with the ferro-
magnetic minerals. In addition, susceptibility anisotropy is due to 
"induced" magnetization, while remanence anisotropy is only measured 
after the removal of the magnetizing field. Consequently, susceptibility 
and remanence anisotropics are, in general, different in both magnitude 
and shape. 
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The technique of measuring IRM anisotropy developed by Stephenson et 
al. (1986) was employed on 13 central plugs and 13 surface plugs from 13 
core sections. The core plugs were first AF demagnetised, then a pulsed 
field of 5 mT was applied along the X-axis. The remanence components 
along X, Y and Z axes were then measured. Hie same demagnetisations, 
IRM acquisitions and measurements were repeated but with the applied 
fields along Y and Z axes respectively. A remanence ellipsoid could then 
be calculated using least-squares methods from the 9 values obtained. 
For the central core plugs, there was no common agreement in directions 
of any of the three (maximum, intermediate or minimum) principal 
remanence axes (Table 3.5 and Fig. 3.9). The IRM ellipsoids were mixed 
with marginally more prolate than oblate shapes. On the other hand, the 
maximum axes for the surface core plugs tended to be parallel to the bore 
core surface and the hard directions tended to be perpendicular to it. The 
majority of the remanence ellipsoids of the surface plugs were oblate (T > 
0) (Table 3.6), which indicates a overall magnetic fabric that was 
symmetric about the core axis. The directions of the principal axes of 
IRM ellipsoids discussed in this section are in the cylindrical coordinates 
attached to the sub-cores. 
Considering the axial symmetrical nature of the oblate anisotropy ellipsoid 
near the core surface, the anisotropy would cause the remanence in the 
surface plugs to align with die core axis. As the NRM in surface core 
plugs was deflected significantiy from the core axis (NRM inclination -
55^) but the NRM in central plugs was steeply inclined (Fig. 3.7), it can 
be concluded that magnetic anisotropy was not the cause for the NRM 
orientation distribution in the cores. Actually the NRM in the surface 
core plugs should be more deflected from the core axis if there was no 
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Maximum Intermediate Minimum 
Core plug Pj T P2 Dec. Inc. Dec. Inc. Dec. Inc. 
IIT-C 1.24 0.91 1.21 315.0 0.0 225.0 12.6 45.0 77.4 
I IB-C 1.47 -0.11 1.47 64.7 43.7 274.0 42.5 169.7 15.1 
13B-C 1.21 -0.40 1.21 8.7 46.7 276.3 2.2 184.3 43.2 
14B-C 1.35 0.85 1.31 157.9 53.4 7.4 32.9 267.9 14.3 
15B-C 1.47 -0.13 1.47 71.0 38.2 331.4 12.0 227.1 49.2 
15R-C 1.75 0.70 1.68 268.7 12.2 42.7 72.7 176.0 12.1 
18B-C 1.34 0.48 1.33 182.0 33.4 279.7 11.6 26.2 54.1 
18R-C 1.30 0.01 1.30 57.0 82.5 205.9 6.5 296.4 3.9 
21B-C 4.15 -0.27 4.08 36.1 60.9 138.9 7.0 232.7 28.1 
21R-C 1.14 -0.39 1.13 352.7 60.9 137.0 24.3 234.0 15.0 
28B-C 1.91 0.09 1.91 208.6 3.5 299.2 9.1 97.7 80.2 
28R-C 1.47 -0.54 1.45 219.8 6.2 128.5 11.2 338.3 77.1 
30R-C 1.29 -0.56 1.28 312.0 20.2 192.1 54.0 314.0 29.1 
Table 3.5 IRM anisotropy characteristics of the central plugs from 
13 North Sea core sections. 
The measurements were in the cylindrical coordinates attached to the 
core plugs. The principal axes that in upper hemisphere were all 
converted into lower hemisphere. 
Maximum Intermediate Minimum 
Core plug Pj T P2 Dec. Inc. Dec. Inc. Dec. Inc. 
IIB-A 1.39 -0.37 1.36 95.7 20.0 299.9 68.3 188.7 8.2 
IIB-E 1.74 0.80 1.68 237.4 5.0 328.4 10.8 123.0 78.1 
14B-A 1.32 0.74 1.63 44.3 3.9 134.4 8.6 272.6 86.3 
14B-E 1.23 0.15 1.04 170.5 7.7 260.6 17.8 19.7 80.6 
15B-A 1.54 0.50 1.23 32.4 9.1 302.1 3.8 193.9 83.4 
18B-A 1.16 0.42 1.15 128.1 39.9 341.2 45.1 233.1 17.2 
18B-E 1.25 0.13 1.03 283.9 2.9 193.9 0.4 96.6 87.1 
21R-A 1.29 0.47 1.14 231.9 4.4 326.1 43.8 137.4 45.9 
21R-E 1.10 -0.55 1.05 140.6 23.1 231.6 2.3 327.0 66.8 
28R-A 2.31 0.77 1.89 186.2 5.1 276.4 2.3 30.8 84.4 
28R-E 1.17 0.53 1.07 138.0 5.3 238.3 62.4 45.3 27.0 
30R-A 1.56 0.52 1.26 22.4 8.0 292.0 2.8 182.7 81.5 
30R-E 1.16 -0.45 1.08 287.1 19.1 186.6 27.9 47.1 55.1 
Table 3.6 IRM anisotropy characteristics of the surface plugs from 
13 core sections. 
The measurements were in the cylindrical coordinates attached to the 
core plugs. The principal axes that in upper hemisphere were all 







Fig. 3.9 Stereoplot of IRM anisotropy of the central and surface core plugs 
from 13 North Sea core sections. 
The directions are in the cylindrical coordinates of the core plugs. The applied 
field was 5 mT The directions of the principal axes are all converted into lower 
hemisphere. 
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such anisotropy. The angular deflection of remanence in a plane 
containing core axis caused by anisotropy can be estimated by the 
following formulae (Shi 1992): 
a = P - t a n - l M (3.1) 
L "2 . 
where p is the angle of a direct applied field makes with the maximum 
axis, P2 = Mmax/Mfnin ^ i th M^ax and M^in being the maximum and 
minimum principal axes in the plane. The average value of P2 for the core 
plugs is 1.27 (Table 3.6). The dependence of a on P with P2 =1.27 is 
tabulated in Table 3.7, which shows that the angular deflection caused by 
anisotropy is generally a few degrees and the maximum deflection under 
this anisotropy is less than 7° (when p=50°). 
3.6. Grain size 
The Lowrie-Fuller stability tests (Lowrie & Fuller 1971; Johnson et al. 
1975) were employed to examine the likely grain size states of the 
magnetic minerals in four core plug samples. The stabilities of IRM 
(acquired in 800 mT) and ARM (acquired in 100 mT peak AF in the 
presence of a 0.1 mT direct field) against AF demagnetisation were 
compared (Fig. 3.10). The ARM was generally more stable than the 
IRM, which is characteristic of single domain (SD) and pseudo-single 
domain (PSD) particles. 
3.7 AF Demagnetisation o f ' N R M ' 
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p n 5.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 85.0 
a n 1.1 2.1 4.0 5.6 6.5 6.8 6.3 4.8 2.6 1.3 
Table 3.7 Angular deflection (a) caused by magnetic anisotropy with P2 
=1.27. 
P is the angle between the direct applied field and the maximum axis. 
Plug Mean MDF (mT) Mean MDT (°C) 
A. E 31.00±5.16 342.25±19.64 
B, D 32.25±3.14 347.25±15.55 
C 40.50±6.37 415,00±67.23 
Table 3.8 Stability of DIRM in AF and thermal demagnetisations. 
MDF: Median destructive field; MDT: Median destructive temperature. 
The mean MDF and MDT represent 12 and 8 plugs for the surface 
(A, E) and intermediate (B, D) positions, and 8 and 4 plugs for the 
centre respectively. 
Surface RACF RCF RACF/RCF Central RACF RCF RACF/RCF 
plug (mT) (mT) plug (mT) (mT) 
IIB-E 50.0 31.6 1.58 I IB-C 55.3 35.5 1.51 
18R-E 51.4 34.0 1.51 18R-C 60.5 45.5 1.33 
28R-A 49.8 35.5 1.40 28R-C 59.7 44.2 1.35 
30R-E 53.5 35.5 1.46 30R-C 62.3 48.3 1.29 
Mean 1.49+0.08 1.37+0.10 
Table 3.9 Remanent coercivity analysis. 
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Fig. 3.10 Normalized curves of AF demagnetisations of ARM and 
IRM of four core plugs. 
IRM was produced in a pulsed field of 800 mT and ARM was 
produced in 0.1 mT direct field applied parallel to a decaying AF with 
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Fig. 3.11 Altemating field demagnetisation of core plugs of Core Section 28R. 
The Zijderveld and stereoplots are in the core coordinates (cf. Fig. 3.5). 
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Fig. 3.12 Alternating Field demagnetisation of core plugs of core 18B. 
The Zijderveld and stereoplots are in the core coordinates (cf. Fig. 3.5). 
Note the different maximum remanences (M^„) for individual plugs. 
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Fig. 3.12 Continued. Legend same as previous page. 
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Standard tumble alternating field (AF) demagnetisation equipment (see 
Chapter 2) was used to resolve the remanent magnetisation in 40 core 
plugs from 8 sub-cores. Typical directional and normalised intensity 
changes during A F demagnetisation for core plugs from core sections 28R 
and 18B (Figs. 3.11 and 3.12) showed a well-defined remanent 
component that was symmetrically oriented about the core axis, but no 
consistent characteristic (or primary) remanent direction was isolated in 
higher fields for these cores. For the central plugs (28R-C and 18B-C), 
these remanent components scattered in an A F of about 15 mT, but the 
linearity of the components in the outer plugs persisted up to 45-50 mT, 
indicating an increase in remanent coercivity from the core axis to the 
core surface. In the surface plugs, the directions of the linear components 
defined between NRM and 10 mT formed two well-defined groups (Fig. 
3.13). Both groups had inclinations close to 55°, but the declinations 
were approximately 180° apart. This component was directed down and 
radially inwards towards the core axis. On the other hand, the 
remanences with same remanent coercivity (Hrc < 10 mT) in die central 
plugs were clustered near 90° inclination. A comparison of the decays in 
remanence intensity of the core plugs with increasing A F showed higher 
NRM intensities and lower stabilities at the surface plugs (Fig. 3.14). The 
median destructive field (MDF), the demagnetising field required to 
reduce the initial NRM intensity by half (see CoUinson 1983), is a 
quantitative index to describe the stability of remanences. The M D F of 
these plugs was a function of the distance to the core axis with central and 
surface plugs having the highest and lowest MDF respectively (Table 
3.8). For A F levels greater than 45 mT, the remanence intensity became 
uniform throughout each sub-core, so a field of 45 mT can be regarded as 






Fig. 3.13 The grouping of linear directions of surface plugs (A and E ) and central 





















Fig. 3.14 'NRM* intensity decay during alternating field demagnetisation 
of plugs from cores 18B and 28R. 
Note the higher intensities and faster decay for the side plugs, where 
the DERM is most pronounced. 
51 
3.8 Thermal Demagnetisation of 'NRM' 
Stepwise themial demagnetisation was conducted on 20 core plugs from 4 
sub-cores. The furnace used was installed in a magnetically shielded 
space (- ± 7 nT). After each step of thermal heating, both remanence and 
low field susceptibility were measured. 
Typical directional and normalised intensity changes during thermal 
demagnetisation of core plugs from core sections 21R and 30R showed a 
well-defined remanent component that was symmetrically oriented about 
the core axis (Figs. 3.15 and 3.16). However, no primary remanent 
directions (which was assumed to be of higher unblocking temperatures) 
could be isolated at higher temperatures. The surface plugs showed a 
higher NRM intensity and a lower stability against the thermal heating 
(Fig, 3,17). The median destructive temperature (MDT), the temperature 
at which the initial NRM intensity reduces by half, can be used as a 
quantitative index to describe the stability of remanences. A radial 
dependence of MDT was shown: the highest and lowest MDF were in the 
central and surface plugs respectively (Table 3.8). Distinctive remanence 
reduction appeared in the temperature range 300 - 400'*C and the 
remanence removed in this range was some 50% or more of the original 
NRM. It is possible that pyrrohtite was the major carrier of this 
remanence, but the majority of the unblocking temperatures were 
somewhat higher than 330°C (the Curie temperature of pyrrohtite). Clear 
indications of magnetite were observed (e.g. 30R-D and 30R-E in Fig. 
3.16) as indicated by sharp drops of remanence between 550°C and 
600°C, The remanence intensity became uniform throughout each sub-
core after the thermal heating in 600°C. This result strongly suggests that 
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Fig. 3.15 Thermal demagnetisation of core plugs from Core 21R. 
The Zijderveld and stereoplots are in the core coordinates (cf. Fig. 3.5). 
Note the different maximum remanences (M„ J for individual plugs. 
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Fig. 3.15 Continued. Legend same as previous page. 
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Fig. 3.16 Thermal demagnetisation of core plugs from Core 30R. 
The Zijderveld and stereoplots are in the core coordinates (cf. Fig. 3.5). 
Note the different maximum remanences (Hn„) for individual plugs. 
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Fig. 3.17 Thermal demagnetisation of the core plugs from 
cores 21R and 30R. 
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magnetite was one of the main DIRM carriers. Ozdemir et al. (1988) 
estimated the temperature at the drill bit-rock interface to be 200°C during 
drilling of Precambrian granodiorite rocks at a depth of 2550 m.* Since 
the North Sea sandstone core sections were at a depth of about 2000 m 
and were much softer, the maximum temperature raised by drilling was 
likely to be below 200°C. 
Susceptibility measurements had suggested that two types of bore core 
sections could be distinguished according to their susceptibility properties 
during thermal demagnetisation (Fig. 3.18). The susceptibility of the first 
type remained virtually unchanged throughout all heating steps (e.g. Core 
30R). The second type showed an abrupt increase in susceptibility at 
temperatures between 400°C and 550°C (e.g. Core 21R). The abrupt 
change in susceptibility, as has been discussed in Section 3.1, was due to 
mineralogical transformations and the new magnetic mineral was likely to 
be magnetite altered from marcasite. The temperature independence of 
susceptibility of the first type of bore core sections suggested that the 
radial dependence of magnetic property was not due to thermal heating, 
since, otherwise, all the five core plugs from the same core would have 
the same susceptibility after the thermal heating. 
3.9 Remanent coercivity analysis 
To further characterise the magnetic remanence properties of the North 
Sea bore cores, remanent coercivity analysis was carried out on 8 core 
plugs, half of them fi-om the core centre. The parameters which were 
* Little information could be found regarding the temperature at the drill bit - fock interface. Since 
the temperature is affected by the drilling speed, the hardness of the rock, the circulation of the 
cooling fluid, etc., the 200*'C could be exceeded. 
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Fig. 3.18 Two types of behaviours of low field susceptibilities 
of North Sea bore cores during thermal demagnetisations. 
59 
derived were remanent coercivity force (RCF), defined by the field at zero 
remanent magnetisation on the back field curve, and remanent acquisition 
coercivity force (RACF) which is defined by the field at 50% saturation 
magnetisation on the acquisition curve (Dankers 1981). These two 
parameters reflect the magnetic coercivity, or Tiardness* of the rock, and 
are controlled by the type and grain size of the magnetic minerals. The 
ratio of the two parameters (RACF/RCF) has been shown empirically to 
be insensitive to magnetic grain size variations, and to be indicative of the 
magnetic mineralogy (R ACF/RCF= 1.6 indicates magnetite, and 
RACF/RCF=1.0 indicates hematite). 
Two typical remanent hysterisis curves are illustrated in Fig. 3.19. The 
surface plugs showed higher R A C F / R C F ratios than central plugs (Table 
3.9). This suggested that the surface plugs may contain relatively more 
magnetite and less hematite compared to the central plugs. This 
speculation was further confirmed by comparisons of the IRM acquisition 
curves and A F demagnetisation curves for the central and surface core 
plugs (Figs. 3.20 and 3.21): the IRM in the surface core plug (e.g. 28R-A) 
saturated in a field (~ 500 mT) lower than that for the central plug (e.g. 
28R-C), while in A F demagnetisation of IRM (acquired in 800 mT), the 
demagnetisation curve of 28R-C was always above that of 28R-A, 
suggesting that the IRM in the former was more stable than the latter. 
3.10 A comparison of A F stabilities of D I R M and I R M 
To examine whether the DIRM in the bore cores was dominated by IRM, 
the stabilities of the DIRM and IRM against A F demagnetisation were 
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Fig. 3.19 Remanent acquisition curves and remanent hysteresis curves of two 
typical core plugs. 
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Fig. 3.20 A comparison of IRM acquisition in central (28R-C) and 
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Fig. 3.21 A comparison of stability of IRM in AF demagnetisation 
for surface (28R-A) and central (28R-C) core plugs. 
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Fig. 3.22 I R M and DIRM stabilities in AF demagnetisation for two 
surface core plugs. 
The IRMs were acquired in 5 mT (28R-A) and 5.5 mT (28R-E) pulsed 
magnetic fields respectively. 
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experiment of AF demagnetisation of I R M , the two plugs were first 
magnetically cleaned in an AF with a peak field of 100 mT and then they 
were subjected to pulsed fields of 5 mT and 5.5 mT respectively. These 
fields were chosen because the I R M thus acquired had the same 
magnitudes as the original D I R M . Then the I R M was stepwise A F 
demagnetised and the result was compared with that for DIRM for the 
same plug (Fig. 3.22). It is apparent fi-om Fig. 3.22 that the I R M had a 
stability that was much lower than that of D I R M , indicating the D I R M is 
not a pure I R M . 
3.11 Discussion and conclusions 
A D I R M of very high intensity was measured in North Sea bore cores, 
and this was characterised by symmetries in both intensity and orientation 
of the remanence about the core axis. The intensity of the D I R M was 
greatest at the surface of a bore core and was least along the core axis. 
The direction of the DIRM was inwardly downwards; the smallest 
inclination was at the surface of a bore core while the largest inclination 
(i.e. abnost vertical) was close to the core axis. These results strongly 
suggest that the magnetising field of D I R M was originated from the drill 
barrel. The remanent coercivity and unblocking temperature of the D I R M 
were functions of the distance relative to the core axis. Surface core 
plugs had a lower stability against AF and thermal heating, while the 
central plugs had the highest stability. The remanent coercivity of D I R M 
was about 45 mT, but three unblocking temperatures are distinctively 
shown at 3 3 0 X , 4 5 0 X and SSO '^C, suggesting pyrrohtite and magnetite 
were the major ferromagnetic minerals. Marcasite was also a possible 
carrier of D I R M , but further work is needed to examine whether 
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marcasite can be ferromagnetic. The grain size of these magnetic 
particles were of SD and PSD. Since the maximum temperature 
experienced by these bore core sections during drilling, which was 
estimated to be below 200°C, was too low to be capable of blocking the 
remanence in magnetite, the possibility of D I R M being of T R M origin 
can be excluded. Yet, DIRM cannot be a pure I R M due to the fact that 
the D I R M was much more stable than I R M in AF demagnetisation. 
There was no consistent characteristic (or primary) remanent direction 
isolated at higher magnetic fields or higher temperatures except the well-
defined D I R M , implying that the D I R M masked all pre-existing 
remanences in these bore core sections. 
Surface core plugs possesed a magnetic fabric that was oblate in shape: 
the easy direction for magnetisation was parallel to the bore core side 
surface and the hard direction was perpendicular to it. This fabric can be 
interpreted as a result of the shock and vibrating impact on the bore cores 
imposed by the drill barrel during drilling. It was demonstrated by several 
authors (e.g. Kem 1961, Nagata 1969 & 1970. Kapicka 1984) that for 
ferromagnetic minerals with a positive magnetostriction coefficient, stress 
would cause a slight increase in the susceptibility perpendicular to the 
stress direction, but parallel to the stress a significant decrease in 
susceptibility was observed, thus an additional oblate magnetic anisotropy 
was superimposed. The superficial magnetic effect, i.e. the grinding and 
tearing of magnetic particles and magnetic contamination at the cutting 
surface of bore cores, may also have some contribution to the magnetic 
fabric as well as D I R M . The relative contribution of the superficial effect 
can be estimated by the ratio of surface area (S) to the core volume (V) 
S/V=pd/(pcP/4)=4/d, (3.2) 
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where d is the diameter of a bore core. Therefore, the relative importance 
of the superficial effect increases sharply with the decreasing of the 
diameter of bore cores. For example, the relative importance of the 
superficial effect in a standard palaeomagnetic plug of 21 mm diameter is 
some 5 times higher than that in a bore core of 100 mm diameter. 
Low field susceptibility and A R M susceptibility were also radial 
dependent, with the largest values at the bore core surface. These 
distributions actually reflected the radial variation in intrinsic magnetic 
properties. The radial dependence of A R M susceptibility was correlated 
with that of D I R M , the correlation coefficient being 0.96. Hence, the 
D I R M distribution was probably the consequence of the distribution of 
the remanence susceptibility. The radial dependences of the two 
susceptibilities were retained after thermal treatment up to 6 0 0 X , 
therefore, heating was not the direct cause. The cause of these 
dependences wi l l be fully discussed in Chapter 7. It was noted that 
laboratory sub-core drilling from the original core did not impose any 
apparent remanent component in the sub-cores, since no consistent 
remanence was found in the directions of the sub-core axes. 
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Chapter 4 Prudhoe Bay bore cores 
This collection of bore core sections was slightly oil stained Upper 
Triassic sandstone and mudstone drilled at a depth of about 2900 m in 
Prudhoe Bay, Alaska. The diameter of the bore cores was 92 mm but their 
azimuth was unknown. 
4.1 Magnetomineralogy 
One thin section was cut from each of four separate bore cores. Optical 
microscopy and scanning electron microscopy (SEM) were used to 
investigate the thin sections for magnetic mineralogy identification. 
The same opaque mineral phases were observed in all the thin sections. 
Pyrite (FeS2) was the most abundant iron-bearing mineral, being some 15-
30% by surface area (Fig. 4.1). Previous work by others (e.g. Hauger & 
L0vlie 1992, Elmore & McCabe 1991) showed that inclusions of 
pyrrhotite (Fei.^S) were common in pyrite particles of marine sediments. 
Hence, some pyrrhotite could be present as inclusions in the pyrite 
particles in these bore cores, but it was not possible to estimate the relative 
content of this mineral by these techniques. A small number of 
titanomagnetite and magnetite particles (less than 2 % by surface area) 
were also identified (Fig. 4.2), majority of which were generally larger 
than 15 Jim and therefore likely to be multi-domain in their magnetic 
properties. 
4.2 Grain size 
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400 
Fig. 4.1 Reflected light optical photomicrograph of a thin polished 
section from Core 25A2. 
The white particles are mainly pyrite and the yellowish particles are 
quartz. 
69 
50 ^ tnn 
Fig. 4.2 Optical photomicrographs of titanomagnetite particles in a thin 
polished section from Core 11 A. 
Upper: Reflected light image. Lower: Transmitted light image. 
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The magnetic granulometric technique, developed by Potter & Stephenson 
(1986). was used to examine the grain size state of magnetic particles in 
five rock specimens. Each of the five specimens was cut from separate 
bore core sections. Magnetic measurements were then conducted in the 
Rock- and Palaeo- Magnetism Laboratory of Department of Physics, 
University of Newcastle upon Tyne. The technique involved giving a rock 
sample a rotational remanent magnetisation (RRM) (MR ) in a rotational 
magnetiser (designed by A. Stephenson) and then an A R M (MA ) in a 
known direct field b (43 | iT) in a peak field AF of about 80 mT at a 
rotation frequency close to twice the AF frequency (e.g. 95 rps). Using 
the following equation an estimate of the average grain size could be 
obtained: 
d ( ^ m ) = 1 0 0 ^ . (4.1) 
The mean grain sizes of the five specimens thus obtained ranged from 7.9 
to 26.1 j jm (Table 4.1). As the single domain/multi-domain transitional 
zones for pyrrhotite and titanomagnetite are 2 |j.m and 0.5 )im respectively 
(O'Reilly 1984, Stacey & Banerjee 1974). then i f pyrrhotite and 
titanomagnetite were the remanence carriers then multi-domain particles 
would have to be predominant in these bore cores. 
An alternative method for examining the grain size of the magnetic 
minerals, the Lowrie-Fuller stability test (Lx)wrie & Fuller 1971, Johnson 
et al. 1975), was also conducted on two specimens. The stabilities of I R M 
(acquired in 800 mT) and A R M (acquired in 100 mT peak AF in the 
presence of a 0.1 mT direct field) against AF demagnetisation were 
compared (Fig. 4.3). The I R M was more stable than the A R M in both 
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Table 4.1 Average grain size determined by RRM and A R M 
measurements. 
For details see text. 
Intensity (mA/m) Inclination O 
Sub-core Plug A PlugB Plug A PlugB 
Rl-5 1.62 1.03 76.9 85.7 
R2-4 1.13 1.07 75.3 80.1 
R3-2 1.32 1.21 75.6 84.2 
lOCl 0.73 0.66 72.9 83.1 
l l A l 0.48 0.40 78.6 81.7 
13B2 0.46 0.41 82.0 87.5 
17B2 0.64 0.60 78.5 81.1 
25A2 0.88 0.84 74.5 85.9 
26A1 0.56 0.53 81.5 86.5 
27C2 1.34 1.20 75.5 88.3 
Table 4.2 Radial dependences of intensity and inclination of N R M 
in 10 typical bore cores. 
The inclinations are in bore core coordinates. The original 
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40 
Fig. 4,3 A comparison of stabilities of A R M and I R M in AF 
demagnetisation. 
I R M was produced in a pulsed field of 800 mT and A R M was 
produced in 0.1 mT direct field applied parallel in a decaying AF with 
peak amplitude of 100 mT. 
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specimens, which was a characteristic of multi-domain particles and is 
consistent with the results by Potter-Stephenson method. 
4 3 Sample preparation 
The palaeomagnetic specimens were drilled from half rounded cores using 
a non-magnetic drill-bit in the same way as for a whole core (Fig. 3.5), 
except that the sub-cores were drilled perpendicular to the flat surface of 
the half core and were then cut into two core plugs (labelled as "A" and 
"B" respectively) of the same height (22 mm). 
4.4 N R M intensity and direction 
A l l remanence measurements were conducted in the coordinate reference 
frame of the sub-cores, i.e. using an arrow on the side surface of the 
original core as the X-axis of the sub-core (Fig.3.5). The results were then 
converted into the cylindrical coordinates related to the bore cores. 
Remanence measurements of 20 core plugs from 10 sub-cores showed 
that, within each sub-core, the surface plug (A) had a consistently higher 
N R M intensity than the inner plug (B). The ratio of the mean N R M in 
surface plugs to that in the inner plugs was 1.14 (Table 4.2). The N R M 
directions of the surface plugs were also distinct from the inner plugs with 
the surface plugs having shallower inclinations. 
4.5 Low field susceptibility versus A R M susceptibility 
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The low field volume susceptibility and anhysteretic remanent 
magnetisation (ARM) susceptibility were measured on 20 core plugs from 
10 sub-cores. (The defmition of the A R M susceptibility was given in 
Chapter 3.) The A R M was produced by superimposing a small direct 
magnetic field on a decaying parallel AF. The intensities of the peak AF 
and the direct field were 100 mT and 0.1 mT respectively. 
For individual sub-cores, the low field susceptibilities in the inner and 
surface plugs were of similar magnitude and no consistent radial 
dependence was found. The mean low field susceptibilities were 
135±39.3 (10-6 S.I.) (inner plugs) and 136.5±39.4 (10-6 s.I.) (surface 
plugs). However, the A R M susceptibility in the surface plugs was 
consistently slightly larger than that in the inner plugs, the mean A R M 
susceptibilities being 16.5±4.4 (10-3 S.I.) (surface plugs) and 15.2±4.2 
(10-3 S.I.) (inner plugs) respectively (Table 4.3). The two susceptibilities 
in either the inner or the surface plugs were well correlated, as the 
correlation coefficients were both greater than 0.99. 
4.6 Anisotropy of magnetic susceptibility 
Anisotropy of low field magnetic susceptibility (AMS) of 30 plugs from 15 
sub-cores was measured using a Molspin anisotropy delineator (Chapter 
2). These bore cores had very low susceptibility anisotropics. For inner 
core plugs, the anisotropy degree Pj ranged from 1.005 (virtually no 
anisotropy) to 1.104 with a arithmetic mean of 1.04±0.03 (Table 4.4). The 
number of oblate (T > 0) susceptibility ellipsoids and that of prolate (T < 
0) were almost equal and there was no general grouping for either 
maximum or minimum principal axes (Fig. 4.4). Generally speaking a 
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Susceptibility ARM susceptibility 
Sub-core Plug A PlugB Plug A PlugB 
Rl-5 182.6 180.8 21.2 20.9 
R1-5A 116.1 119.1 12.7 11.6 
R2-4 175.0 178.7 21.6 16.6 
R2.4A 96.7 97.5 15.3 14.3 
3A1 85.9 87.7 11.4 10.0 
3A2 76.4 78.9 7.9 7.1 
10B2 70.7 69.0 10.2 10.1 
lOCl 170.5 174.9 22.9 19.9 
10C2 179.5 182.2 21.6 20.8 
l l A l 22.3 24.5 3.0 2.6 
11A2 16.6 15.3 1.9 1.7 
1183 15.0 14.0 1.8 1.6 
13B2 12.8 14.7 2.5 2.1 
13B3 12.9 14.7 3.8 3.2 
17A2 655.2 660.1 74.0 71.8 
17A3 582.6 580.1 64.8 60.0 
25A2 101.7 100.7 16.1 15.4 
26A1 39.1 38.3 5.1 4.4 
26A2 39.4 42.3 5.1 5.0 
27C2 53.6 56.0 7.7 7.0 
Table 4.3 Lx)w field volume susceptibility and A R M 
susceptibility in surface (A) and inner (B) plugs. 
The low field susceptibility and A R M susceptibility are in micro-
and mi l l i - S.I. The A R M was acquired in 0.1 mT direct field and 
AF witi i 100 mT peak field. 
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Maximum Intermediate Minimum 
Plug Pj T Dec. Inc. Dec. Inc. Dec. Inc. 
R1-5-B 1.017 0.220 328.3 42.8 126.4 45.1 227.8 11.1 
R1-5A-B 1.005 -0.210 53.2 80.3 314.0 1.6 223.7 9.6 
R2-4-B 1.007 0.162 96.2 9.7 190.2 22.2 344.1 65.6 
R2-4A-B 1.030 -0.153 101.3 37.1 258.5 50.7 2.6 11.3 
lOCl-B 1.006 0.163 217.3 79.6 107.3 3.6 16.7 9.8 
10C2-B 1.017 -0.250 252.5 75.5 142.3 5.1 51.1 13.5 
l l A l - B 1.041 -0.660 312.0 20.2 192.1 53.6 313.8 28.9 
11A2-B 1.043 0.123 311.4 9.1 217.6 22.5 62.0 65.5 
13B2-B 1.064 0.279 275.8 10.3 138.6 76.1 7.5 9.2 
13B3-B 1.066 -0.459 274.7 9.4 47.3 76.3 183.1 9.9 
17B2-B 1.069 0.523 343.8 85.0 118.4 3.5 208.6 3.6 
17B3-B 1.104 0.101 22.7 82.1 230.4 7.0 140.0 3.6 
26A1-B 1.041 -0.111 291.7 12.8 194.0 30.6 41.5 56.2 
26A2-B 1.045 -0.093 243.4 1.4 153.2 6.8 345.0 83.1 
27C2-B 1.070 0.091 330.2 83.4 228.2 1.4 138.0 6.4 
Table 4.4 The susceptibility anisotropy characteristics of 15 Prudhoe 
Bay inner core plugs. 
The directions of the principal axes pointing to upper were converted 







Fig. 4.4 Stereoplot of susceptibility anisotropy of the inner and surface core 
plugs f rom 15 Prudhoe Bay core sections. 
The directions are in the cylindrical coordinates of the core plugs. The directions 
of the principal axes are all converted into lower hemisphere. 
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sedimentary rock possesses a primary fabric when it is deposited (Tarling 
& Hrouda 1993). I f this primary fabric is preserved then consistent 
directions of corresponding principal axes of the susceptibiHty ellipsoid 
would be found. The nearly random oriented magnetic ellipsoid of these 
inner plugs may suggest that the magnetic fabric measured is not primary; 
diagenetic or other processes may have changed the original fabric. 
For the surface core plugs, Pj ranged from 1.006 to 1.203 with an 
arithmetic mean of 1.06±0.02 (Table 4.5). Although die shapes of the 
susceptibility ellipsoids were mixed: there were 8 oblate ellipsoids (T > 0) 
and 5 prolate ellipsoids (T < 0), the majority of the maximum and 
intermediate axes tended to be parallel to the surface plane of the bore 
cores and the minimum axes tended to be perpendicular to it (Fig. 4.4). 
4.7 A F demagnetisation 
Stepwise tumble AF demagnetisation (Chapter 2) was used to resolve the 
remanent magnetisation in 30 core plugs from 15 sub-cores. Typical 
directional and normalised intensity changes during AF demagnetisation 
for core plugs from cores 17B2 and 26A1 are presented in Figs. 4.5 and 
4.6. A summary of the remanence directions is given in Table 4.6. 
Three distinct magnetic remanence components were revealed in these 
bore cores. The first component (Ci) was well developed in all of the 
plugs and had a steep inclination. The arithmetic mean of the inclinations 
was 80.3±0.7®. The second component (C2) was found in 10 surface core 
plugs and was directed inwardly downwards towards the core axis. The 
arithmetic mean of the inclinations was 56.7±1.2°. It was noted that none 
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Maximum Intermediate Minimum 
Plug Pj T Dec.n Inc.n Dec.n Inc.n Dec.n Inc.n 
R1-5-A 1.019 0.263 330.4 38.6 218.7 24.8 104.9 41.2 
R1-5A-A 1.014 -0.142 7.8 5.8 272.2 43.9 103.7 45.4 
R2-4-A 1.012 -0.142 260.0 2 6.1 156.6 65.7 352.9 23.4 
R2-4A-A 1.027 0.499 232.4 8.9 141.2 7.2 12.9 78.4 
lOCl-A 1.017 0.263 173.7 8.3 266.2 17.3 59.1 70.7 
10C2-A 1.006 -0.313 166.2 4.3 261.7 52.0 72.8 37.6 
l lA l -A 1.037 -0.596 296.4 38.9 171.2 35.5 55.6 31.1 
11A2-A 1.030 -0.531 282.1 40.8 21.9 11.2 124.2 47.0 
13B2-A 1.080 0.123 280.3 5.6 189.3 10.3 38.7 78.2 
13B3-A 1.066 0.279 279.4 4.6 10.1 9.2 162.9 79.6 
17B2-A 1.071 0.458 358.6 4.8 266.0 28.3 97.3 61.2 
17B3-A 1.203 0.349 3.1 7.2 99.1 39.2 264.3 49.8 
26A1-A 1.031 -0.230 283.7 21.1 23.9 24.6 157.9 56.6 
26A2-A 1.035 0.219 91.5 26.6 358.2 6.7 255.3 62.4 
27C2-A 1.057 0.087 3.0 1.5 272.6 15.1 98.4 74.8 
Table 4.5 The susceptibility anisotropy characteristics of 15 Prudhoe 
Bay surface core plugs. 
The directions of the principal axes pointing to upper were converted 
into lower hemisphere. 
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Component C I C2 C3 
Core Plug D e c O I n c O D e c O I n c O D e c O I n c O 
Rl-5 A 125.6 82.4 3.4 60.4 - -
B 182.2 84.3 - - - -
R1-5A A 23.6 78.6 2.3 56.5 230.5 2.3 
B 32.0 76.2 - - - -
R2-4 A 321.3 85.1 351.0 58.4 152.3 13.1 
B 235.1 86.0 - - 318.7 28.2 
R2-4A A 141.3 79.4 356.9 60.1 - -
B 136.2 77.8 - - - -
lOCl A 15.8 80.3 - - 172.0 -6.3 
B 12.5 81.0 - - - -
10C2 A 13.1 82.1 - - - -
B 15.0 81.3 - - 2.7 -4.7 
l lB l A 200.1 78.3 355.3 56.6 - -
B 204.3 82.1 - - - -
11B2 A 230.6 82.1 358.0 50.2 - -
B 241.7 84.5 - - - -
13B2 A 243.6 80.9 - - - -
B 220.0 73.8 - - - -
13B3 A 230.5 75.3 - - - -
B 238.2 81.0 - - - -
17B2 A 311.0 82.5 343.0 55.5 33.9 -8.7 
B 117.9 79.4 - - 2.1 -8.2 
17B3 A 300.0 83.1 351.1 51.6 32.9 -7.8 
B 294.0 80.2 - - - -
26A1 A 296.6 82.2 5.8 61.9 159.4 -8.3 
B 113.9 83.7 - - - -
26A2 A 305.0 81.9 346.0 55.8 32.0 -6.2 
B 200.8 79.2 - - 2.1 -5.6 
27C2 A 120.3 74.0 - - 354.7 4.2 
B 160.0 71.2 - - - -
Table 4.6 The directions of magnetic remanent components in 15 
Prudhoe Bay core sections revealed by AF demagnetisation. 
Although actual individual declinations are arbitrary, they are shown here 
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Fig. 4.5 Alternating field demagnetisation of core plugs from Core 17B2. 
Zijderveld and stereoplots in the first and second rows are in the core coordinates 
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Fig. 4.6 Altemating field demagnetisation of core plugs from Core 26A1. 
Zijderveld and stereoplots in the first and second rows are in the core coordinates 
(cf. Fig. 3.5). 
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of the inner core plugs had such a second component. The third 
component (C3) was present in 12 plugs, of which 4 were inner plugs. The 
sign of the inclination of this component was mixed (i.e. was either 
positive (in upper hemisphere) or negative (in lower hemisphere)) and its 
absolute value was, except in two plugs, less than 9 degrees. For surface 
core plugs, Cj > C2 > C3 and for inner core plugs Ci > > C3, the 
remanence coercivities of the three components were approximately in the 
following ranges: Cj : 25 - 40 mT, Cj : 7 - 20 mT and C3: < 3 mT. Since 
the low intensity and low coercivity nature of C3, it did not significantly 
influence the NRM properties. A comparison of the median destructive 
field (MDF) in surface and inner plugs indicated higher remanence 
stability for inner plugs than in surface plugs (Table 4.7). 
4.8 Thermal demagnetisation 
Stepwise thermal demagnetisation up to 600^C was conducted on 8 core 
plugs from 4 sub-cores. Both remanence and low field susceptibility were 
measured after each step of thermal heating. Typical directional and 
intensity changes during thermal demagnetisation are shown in Fig. 4.7 for 
core plugs from core T11A2 and the corresponding susceptibility changes 
are shown in Fig. 4.8. 
A remanent component could be defined in the temperature range 100 -
250**C in all of the core plugs, but the inclinations of this component in the 
surface plugs were generally shallower than those in the inner plugs (Table 
4.8). Distinctive remanence reduction occurred at a temperature of about 
* 
250°C and the remanence removed at this temperature was some 60 - 70% 
of the original NRM. The remanence directions became unstable in the 
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Plug Mean MDF (mT) Mean MDT (X) 
A 9.6±1.0 219.8±3.8 
B 11.8±1.1 226.414.2 
Table 4.7 Stability of NRM in AF and thermal demagnetisations. 
MDF: Median destructive field: MDT: Median destructive temperature. 
The mean MDF and MDT represent 15 and 4 plugs respectively. 
Plug A PlugB 
Sub-core DedindionO IndindionO DedindionO IndindlonO 
3A2 357.8 71.6 344.6 81.6 
TR2-4A 104.3 76.6 110.0 84.9 
T11A2 10.7 72.9 341.5 81.4 
25A2 50.1 75.2 86.9 84.7 
Table 4.8 The magnetic remanence component revealed by thermal 
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Fig. 4.7 Thermal demagnetisation of core plugs of Core T11A2. 
Zijderveld and stereoplots in the first and second rows are in the core coordinates (cf. 
Fig. 3.5). The demagnetisation steps at higher temperatures were not plotted since the 
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Fig. 4.8 Changes in low field susceptibility of four surface plugs 
from Pmdhoe Bay bore cores during thermal heating. 
The corresponding inner plugs (i.e. TR2-4A-B, 3A2-B, 25A2-B and 
T11A2-B) had the same temperature dependences of susceptibility and 
are not plotted. 
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temperature range 300 - 400°C. Sharp increases in remanence intensity 
and low field susceptibility were observed for all the plugs in the 
temperature range 400 - 530**C (Fig. 4.8), implying magnetic mineralogical 
alteration had occurred due to thermal heating. It was noted that the 
apparent remanence and susceptibility increases occurred some 50-100°C 
above the temperature at which the remanence vector scattered. Further 
thermal demagnetisation at about 580°C caused another sharp drop of 
remanence intensity. 
In addition to the remanent component defined in the temperature range 
100 - 250°C, a low intensity remanence component was also present in 4 
irmer plugs and 1 surface plug. The unblocking temperature of this 
component was less than lOO^C and it comprised some 5 - 10 % of the 
total NRM. This component was directed nearly perpendicular to the bore 
core axis. A comparison of the median destructive temperature (MDT) in 
surface and inner plugs indicated higher remanence stability for inner plugs 
than in surface plugs (Table 4.7). 
4.9 Discussion and conclusions 
As indicated by thermal demagnetisation, the optical and SEM 
microscopies, pyrrhotite and titanomagnetite are the carriers of NRM in 
the Prudhoe Bay bore cores, but the former are more important. These 
ferromagnetic minerals dominate the magnetic properties in these bore 
cores over para- and dia- magnetic minerals as suggested by the positive 
correlation between low field susceptibility and ARM susceptibility (the 
correlation coefficient was greater than 0.99). 
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Three remanence components were identified by AF demagnetisation. 
The steeply inclined remanence component Ci (Inclination 80.3°) is 
likely to be the characteristic Cpnmary' ?) remanence because of its stable 
yet consistent characteristics throughout the bore cores. Since the 
inclination of the Present Geomagnetic Field Direction (PGFD) at Prudhoe 
Bay is about 80.8°, it is probable that this component was acquired in this 
field. The nature of this remanence is not clear but it could be a chemical 
remanent magnetisation (CRM) caused by hydrocarbons impregnated in 
these bore cores. Elmore et al. (1987) and Elmore & Crawford (1990), in 
studies of the hydrocarbon-saturated Permian speleothems in southern 
Oklahoma, concluded that the chemical conditions created by 
hydrocarbons caused acquisition of a CRM. Reynolds et al. (1989) 
reported that ferrimagnetic pyrrhotite from Permian sandstones above the 
Cement Oil Field in Oklahoma, and suggested that it had been precipitated 
as a result of vertical migration of hydrocarbon-related fluids. 
The C2 component in surface core plugs was always in the plane 
containing the bore core axis and the sub-core axis despite the bore cores 
being unoriented, implying this component is related to the original core 
drilling. The inclined direction of the component is in agreement with the 
direction of the magnetic field at the aperture of a drill barrel as is 
theoretically modelled in Chapter 6. Hence C2 is considered to be a 
DIRM. The cause of the nearly horizontally oriented component C3 is not 
clear, but it could be due to viscous overprinting in the laboratory in the 
present geomagnetic field. 
Compared with the AF demagnetisation, thermal demagnetisation was less 
effective in isolating the remanence components in these bore cores. 
However, the shallower inclinations of the remanence component defined 
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in the temperature range 100 - 250°C in surface plugs suggest the 
existence of DIRM. The magnetic fabric of surface core plugs is similar to 
the North Sea bore cores, i.e. the minimum axis of the susceptibility 
ellipsoid was perpendicular to the bore core surface and maximum axis 
was parallel to it. This fabric can also be interpreted as a result of the 
shock and vibrating impact on the bore cores imposed by the drill barrel 
during drilling (Chapter 3). Therefore, DIRM is probably a shock 
imposed remanence magnetisation. 
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Chapter 5 Sellafleld bore cores 
TTiis collection of bore core sections was drilled vertically from 159 to 
482 m in Sellafield, Northern England and were Permo-Trias red 
sandstones and Brockram. All of the core sections were azimuthly 
oriented and the diameter of the cores was 92 mm. 
5.1 Magnetomineralogy 
Thermomagnetic analysis was performed on 10 specimens cut from 10 
bore core sections. The specimens were first magnetised in a pulsed 
magnetic field of 800 mT, and then stepwise thermally demagnetised up 
to 720°C. Both the IRM and low field susceptibility were measured after 
each step of thermal heating. Three typical remanence intensity decay 
curves and the corresponding susceptibility change curves are shown in 
Fig. 5.1. 
There was a similar trend for the thermal demagnetisation curves for all 
the specimens. The intensity of remanence remained virtually unchanged 
to temperatures in excess of 600°C. The unblocking temperature was 
indicated by an abrupt drop in remanence intensity at about 680°C and 
therefore the mineral carrying the remanence must be almost pure 
hematite as the blocking temperature exceeds the Curie temperature of the 
titanomagnetite series and of the impure ilmenohaematite series of 
minerals. Two types of specimens could be distinguished according to 
their susceptibility versus temperature curves during thermal 
demagnetisation. The susceptibility of the first type remained virtually 
unchanged throughout all heating steps (e.g. Specimen 207-0-2). The 
91 




0 100 200 300 400 500 600 700 800 
Temperature (^'O 
2 0 7 - 0 - 2 
0.0 
0 100 200 300 400 500 600 700 800 
Temperature (^C) 
2 3 1 - 1 - 2 




0 100 200 300 400 500 600 700 800 
Temperature (*'C) 















200 400 600 
Temperature (°C) 
800 
Fig. 5.1 Thermal demagnetisation of IRM in tiiree Sellafield specimens. 
The IRM was acquired in 800 mT pulsed field. 
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second type showed a sharp increase in susceptibility at temperatures 
above 680''C (e.g. Specimens 231-1-2 and 234-1-2). This abrupt change 
in susceptibility was probably due to mineralogical transformation from 
hematite to magnetite (Tarling 1983). 
5.2 Sample preparation 
Two sub-cores, one from the centre and one from the surface (labelled as 
"C" and "E" respectively) were drilled from each of 34 bore core sections 
using a non-magnetic drill-bit. Each sub-core was 25 mm in diameter and 
was drilled parallel to the axis of the bore core and was re-oriented 
relative to the fiducial mark provided. From these sub-cores, standard 
cylindrical palaeomagnetic plugs were cut with a lengh of 21 mm. 
53 NRM intensity and direction 
The NRM of both the central and surface plugs of the 34 bore cores were 
measured using a Minispin magnetometer. NRM intensity ranged from 
1.10 to 125.10 mA/m for the central plugs and from 1.16 to 123.00 mA/m 
for the surface plugs (Table 5.1). Although the average remanence 
intensity of central plugs (arithmetic mean = 21.6415.73 mA/m) were 
slightly stronger than that of surface ones (arithmetic mean = 20.90±5.69 
mA/m), one third of the surface plugs had remanence intensities stronger 
than central plugs. The directions of NRM in the central and surface 
plugs from the same core section were generally within less than 10° and 
thus were considered almost identical, but a few exceptions also existed. 
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Core Depth (m) 
Sandstone 
Intensity (mA/m) 
Plug C Plug E 
Declination C) Inclination O 
PlugC PlugE PlugC PlugE 
205 158.73 3.75 4.02 245.3 247.9 2.1 5.8 
206 164.40 4.30 4.69 265.6 270.0 5.7 3.6 
207 172.75 6.96 5.29 185.1 186.5 6.6 5.8 
208 180.30 13.27 14.21 328.5 320.1 9.2 7.7 
209 189.36 3.00 3.33 323.1 320.5 68.7 71.2 
210 202.51 1.90 1.88 69.7 57.6 57.5 50.1 
211 210.40 6.52 5.73 230.8 224.2 -11.6 -27 
212 216.52 6.52 6.04 243.2 235.5 -11.6 -16.6 
213 230.00 1.10 1.32 198.1 198.0 51.3 46.8 
214 240.55 3.81 3.23 234.9 222.3 72.6 74.2 
215 251.40 5.12 4.65 66.2 68.5 69.9 73.4 
216 258.30 5.31 4.88 170.0 156.9 62.0 61.8 
217 267.50 3.33 3.09 295.5 289.9 68.4 66.5 
218 268.64 5.40 5.49 321.2 324.5 21.9 40.6 
219 283.81 3.00 3.00 100.9 101.2 78.8 77.6 
220 298.12 3.98 3.59 208.3 202.4 75.9 70.2 
221 310.87 23.14 20.63 220.0 210.5 86.8 85.9 
222 320.80 3.00 3.50 242.9 233.8 34.8 33.5 
223 327.05 4.26 3.50 150.5 142.6 29.2 26.7 
224 340.38 6.23 4.78 227.4 224.3 26.0 23.6 
225 350.05 1.53 1.16 19.4 34.6 8.3 9.7 
trockrom 
226 366.82 5.47 3.97 69.1 63.3 23.0 20.3 
227 380.17 7.97 8.03 313.1 308.7 -12.0 -35.0 
228 394.31 14.75 5.74 242.8 188.8 -34.4 -48 
230 402.57 58.40 56.33 98.2 96.4 54.2 41.7 
231 405.50 38.20 40.20 169.3 174.6 33.4 35.6 
232 409.70 125.10 123.00 145.5 144.6 30.4 31.1 
233 420.34 117.50 115.34 131.1 130.0 26.8 25.9 
234 426.70 111.20 111.00 127.0 118.3 20.3 35.7 
235 440.21 20.30 20.01 123.3 119.6 14.2 13.3 
236 454.40 15.55 13.41 116.6 119.3 12.1 5.5 
237 463.60 23.25 24.22 103.4 90.1 6.6 1.4 
238 470.92 44.40 45.20 97.6 106.0 5.5 0.2 
239 482.00 38.21 36.23 68.3 59.9 10.4 14.9 
Table 5.1 Intensity and direction of NRM in the Sellafield bore cores. 
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5.4 Low field susceptibility 
The low field volume susceptibility was measured on both the central and 
surface plugs of the 34 core sections. Only one core. Core 220, was 
diamagnetic (susceptibility < 0). The average susceptibility of the plugs 
drilled from surface (mean = 171.8±23.9xlO-6 (S.I.)) was experimentally 
identical to that of the plugs drilled from centre (mean = 173.0±23.6xlO-6 
(S.I.)) (Table 5.2). 
5.5 Anisotropy of low field susceptibility 
The anisotropy of low field volume susceptibility was measured on both 
the central and surface plugs of the 34 core sections. These plugs had 
variable degrees of susceptibility anisotropy, Pj varying between 1.06 to 
62.40 for central plugs and 1.01 to 56.32 for surface plugs (Table 5.3 and 
Fig. 5.2). The degrees of anisotropy for surface and central plugs from 
the same core section were almost identical for most of the core sections. 
This was also reflected by the closeness of the mean anisotropy degrees 
in the central plugs (mean Pj= 5.81±1.99) and in the surface plugs (mean 
Pj= 5,66±1.86). A l l plugs, except two central plugs and four surface 
plugs, showed oblate (T > 0) susceptibility ellipsoids with T averaging 
0.69±0.05 for central plugs and 0.55±0.07 for surface plugs. In most 
cases, the orientations of the magnetic anisotropy ellipsoids and the 
degrees of oblatesness/prolateness were virtually identical for plugs from 
the same level, although these differed drastically for plugs from different 
stratigraphic levels. The majority of the maximum susceptibility axial 
directions were shallow to intermediate (Figs. 5.3 and 5.4), suggesting 
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Core Depth(m) Susceptibility (micro S.I.) 
Section Plug C Plug E 
Sandstone 
205 158.73 77.1 81.2 
206 164.4 54.7 60.3 
207 172.75 108.8 110.2 
208 180.3 138.8 132.1 
209 189.36 61.7 63.4 
210 202.51 26.6 23.3 
211 210.4 23.8 23.6 
212 216.52 134.0 129.8 
213 230 91.1 95.1 
214 240.55 44.8 46.7 
215 251.4 135.9 137.4 
216 258.3 130.3 136.2 
217 267.5 36.4 35.5 
218 268.64 155.6 155.7 
219 283.81 32.2 35.8 
220 298.12 -4.2 -5.9 
221 310.87 100.9 101.8 
222 320.8 72.9 75.4 
223 327.05 100.9 110.3 
224 340.38 63.1 68.5 
225 350.05 105.5 104.1 
Brockram 
226 366.82 224.2 229.7 
227 380.17 337.8 337.1 
228 394.31 426.5 370.8 
230 402.57 426.1 431.0 
231 405.5 456.9 459.9 
232 409.7 371.4 376.6 
233 420.34 448.5 450.2 
234 426.7 389.6 394.7 
235 440.21 250.9 261.2 
236 454.4 211.6 213.6 
237 463.6 284.5 298.7 
238 470.92 173.8 185.2 
239 482 147.2 152.5 
Table 5.2 Low field volume susceptibility of Sellafield bore cores. 
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Maximum susceptibility Minimum susceptibility 
T DecllnationO InclinationO DeclinotionO InclinortionO 
CoreXPlug C E C I C E C E C E C E 
Sandstone 
205 1.94 2.03 0.83 0.74 225.0 209.1 12.7 13.1 225.0 50.0 77.8 76.0 
206 2.11 2.03 0.70 0.68 268.5 272.3 11.3 6.3 221.7 36.4 76.2 78.9 
207 1.06 1.07 1.00 0.22 219.5 305.9 27.8 7.2 41.1 48.5 62.2 59.9 
208 3.89 3.56 0.75 0.66 61.0 63.2 36.1 20.5 230.1 216.3 53.4 67.3 
209 62.40 56.32 0.89 0.90 14.4 14.3 3.8 3.5 108.6 110.5 47.7 60.5 
210 3.25 3.27 0.67 0.62 22.1 16.9 45.5 46.3 252.6 252.9 32.0 28.1 
211 3.74 3.57 0.78 0.71 163.4 158.4 55.2 49.4 28.6 26.4 26.1 29.8 
212 1.07 1.09 0.68 0.93 275.5 117.4 7.4 5.2 23.1 16.2 66.7 64.9 
213 1.90 1.91 0.99 0.96 224.5 206.5 20.4 21.6 341.3 75.8 50.4 58.7 
214 2.41 2.32 0.70 0.68 48.2 47.5 37.9 32.8 276.7 256.3 40.4 53.7 
215 1.91 1.01 0.70 -0.53 293.9 1.0 19.1 12.5 178.1 98.6 51.4 30.8 
216 30.60 32.61 0.72 0.32 95.6 96.6 18.4 20.1 224.7 224.7 62.1 59.3 
217 6.12 7.32 0.90 0.91 210.0 205.8 44.3 42.1 353.3 342.1 39.4 38.7 
218 2.81 2.65 0.57 0.55 87.1 76.8 17.1 18.6 311.9 302.5 66.6 64.3 
219 3.25 3.34 0.67 0.69 98.4 103.4 18.5 16.7 191.6 9.9 9.6 11.5 
221 3.79 3.69 0.82 0.75 268.6 266.7 49.9 50.3 78.0 82.4 39.6 39.6 
222 3.47 3.55 0.87 087 64.7 78.9 31.3 28.6 181.1 175.6 36.1 12.1 
223 13.50 13.20 0.43 0.36 74.6 72.6 30.9 21.0 206.4 203.2 48.1 59.5 
224 3.34 3.32 0.79 0.62 4.2 12.0 38.6 41.2 224.9 152.3 43.5 41.3 
225 1.08 1.06 1.00 0.51 123.1 216.1 1.7 19.1 27.2 50.5 73.8 70.3 
Brockram 
226 5.27 5.18 0.73 0.71 39.4 26.7 3.4 6.1 306.4 120.0 41.3 28.3 
227 2.61 2.71 -0.04 -0.12 44.2 36.9 7.8 2.0 137.6 135.4 23.6 76.7 
228 1.06 1.02 0.13 0.20 44.2 32.9 27.7 20.5 227.2 245.0 62.2 66.2 
230 2.72 2.69 0.59 0.62 198.0 201.5 34.8 35.8 77.5 89.5 36.2 27.4 
231 1.28 1.28 -0.39 -0.28 66.9 19.6 32.4 25.6 178.2 223.2 29.8 62.4 
232 2.73 2.77 0.77 0.67 96.2 106.3 9.9 10.7 165.2 280.5 70.1 79.2 
233 1.56 1.51 0.78 -0.44 153.3 146.9 7.0 6.1 165.1 344.3 83.2 85.6 
234 3.06 3.00 0.81 0.78 151.6 150.2 13.9 16.4 314.6 302.8 75.5 71.7 
235 4.73 5.03 0.87 0.88 255.6 268.9 2.2 5.4 8.3 176,2 84.4 26.5 
236 3.76 3.31 0.67 0.63 135.7 136.1 9.6 8.8 270.3 252.6 76.4 70.9 
237 2.90 3.10 0.73 0.72 187.9 171.4 2.4 9.9 88.9 265.4 74.8 21.8 
238 2.68 2.72 0.69 0.65 211.3 223.5 21.0 23.2 39.4 30.2 68.9 66.2 
239 3.70 3.66 0.89 0.89 308.8 292.1 13.0 10.7 182.5 168.6 68.7 71.1 
Table 5.3 The susceptibility anisotropy characteristics of the central (C) and 
surface (E) plugs from Sellafield bore cores. 
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Fig. 5.2 A plot of the shape parameter, T, versus the degree 
of anisotropy, Pj, for central and surface plugs of Sellafield 
bore cores. 
Positive T values imply oblate shapes (disks). Triaxial shapes 
(neutral ellipsoids) plot close to T=0. 
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• • • 
Fig. 5.3 The directions of the maximum and minimum axes of susceptibility 
ellipsoids of the central plugs f rom Sellafield bore cores. 
The projection is of an equal area, lower hemisphere. 
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Fig. 5.4 The directions of the maximum and minimum axes of susceptibility 
ellipsoids of the surface plugs from Sellafield bore cores. 
The projection is of an equal area, lower hemisphere. 
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that there was a preferred direction perpendicular to the core axis. The 
directions of the minimum susceptibility axes were also scattered, but 
mostly steep, implying absence of a strong current f low (> c. 1 cm/s; 
Tarling 1993) during deposition. There was no clear evidence for strong 
superimposed fabrics and the sediments appear to have retained their 
original depositional fabrics. 
5.6 A F demagnetisation 
Stepwise AF demagnetisation was applied to resolve the remanent 
magnetisation of the central and surface plugs from 10 Sellafield bore 
cores. The intensity and direction of the remanence were measured after 
each step. For most core sections, very similar remanence components 
were isolated in central and surface plugs from the same level, although 
they differed largely for plugs from different stratigraphic levels (Figs. 
5.5, 5.6, 5.7 and 5.8). A l l plugs showed a well-defmed linear remanence 
component ( M A D (maximum angular deviation) < 10°) that was generally 
isolated in fields above 10 mT (Table 5.4). 
5.7 Discussion and conclusions 
There were only slight differences in the magnetic properties between the 
plugs taken from the surface and those taken centrally, but the differences 
were not consistent for all the stratigraphic levels. Neverthless the 
differences were well within the standard deviations of individual 
determinations for both central and surface plugs and thus are considered 
insignificant. These properties include low field susceptibility, initial 
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Fig. 5.5 Alternating field demagnetisation of central and surface core plugs 
f rom Core 231. 
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Fig. 5.6 Alternating field demagnetisation of central and surface core plugs 
f rom Core 232. 
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Fig. 5.7 Alternating field demagnetisation of central and surface core plugs 
f rom Core 234. 
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Fig. 5.8 Alternating field demagnetisation of central and surface core plugs 
from Core 238. 
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Linear Direction Field Range(mT) 
DeclinationO InciinationO MAD O Minimum Maximum 
CoreXPlug C E C E C E C E C E 
207 184.1 180.4 -6.2 1.5 3.2 1.4 50 50 101 101 
212 230.3 226.1 -13.4 -6.7 1.5 4.3 50 50 /o/ 101 
225 44.7 153 20 0.9 5.1 2.4 3 0 10 5 
228 243.9 241.4 -37.3 -52.9 2.7 9.9 3 30 101 70 
231 100.5 103.5 63.6 66.4 1.5 2.7 20 10 50 101 
232 320.8 322.6 -27.1 -31.3 1.2 3.2 15 10 70 101 
234 178.6 176.3 -38.5 -38.1 1.3 1.5 10 10 101 101 
236 271.4 271.5 -36.4 -36.5 4.9 1.6 15 30 101 70 
238 302.9 303.7 -46.8 -51.7 3.9 2.9 30 20 101 101 
239 298.9 297.8 -55 -55.4 1.1 1.3 20 30 70 101 
Table 5.4 The characteristic remanence component isolated by AF in 
central (C) and surface (E) plugs from 10 Sellafield bore cores. 
The M A D angle is the maximum angular deviation defined in the stated 
range of demagnetization field. In most cases, the vector was the most 
precisely defined, but in some instances corresponds to the most 
characteristic direction. /O/ corresponds to theoretical zero, i.e. the 
centre of a Cartesian plot. 
106 
intensity of remanent magnetisation and susceptibility anisotropy. The 
dominance of oblate susceptibility ellipsoids, mostly oriented horizontally, 
suggests that the original depositional fabric is well preserved and no 
significant superimposed fabric has been introduced by post-depositional 
processes, including the drilling process. The thermal demagnetisation 
showed that the remanence is entirely carried by hematite. The 
remanence components, revealed by AF demagnetisation, are similar in 
both intensity and direction for the central and surface plugs, but none of 
them is believed to be D I R M . 
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Chapter 6 The magnetic field of a drill barrel 
It was shown in Chapters 3 and 4 that the D I R M was oriented along the 
drill axis in the centre of the bore cores and inclined towards the axis near 
the core surface, i.e. DIRM is synmietrical about the core axis. This 
configuration of D I R M strongly suggests that the magnetising field that 
produced the D I R M originated from the drill barrel. In this chapter a 
theoretical modelling of the magnetic field of a drill barrel is given to 
provide further constraints on the acquisition mechanism involved, 
indicate possible methods by which the effect could be minimised, and 
define the optimum location within the bore core that is least affected by 
the barrel field. 
6.1 The magnetization of a d r i l l barrel 
It was found that the DIRM in bore cores drilled in the Earth's northern 
hemisphere were all. except part of the bore cores studied by Ade-Hall & 
Johnson (1976), inclined downwards (e.g. Kodama, 1984, Audunsson & 
Levi, 1989 and the North Sea and Prudhoe Bay bore cores studied in this 
thesis) while those in bore cores drilled in Earth's southern hemisphere 
pointed upwards (e.g. L i et al, 1989). In other words, the direction of 
D I R M had the same sense of inclination as that of the local geomagnetic 
field. It is, therefore, very probable that a drill barrel is induced by the 
Earth's magnetic field. Neverthless, when a drill barrel penetrates rock 
formations, the magnetic field due to the remanent magnetisation of the 
rocks has to be considered. The resultant magnetic induction field acting 
on the drill barrel would be 
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B = ^ ( / / o + i / i ) (6.1) 
where HQ is the geomagnetic field. Hi is the magnetic field from the 
magnetisation of the rock medium and ) i is the absolute permeability of 
the medium. In sedimentary rocks generally < HQ, but when the 
remanent magnetisation in rocks is very strong. Hi can be larger than HQ 
(Pozzi et al. 1988). In particular, when HQ and Hi are in the same 
direction, the magnetic field (B) acting on a drill barrel is much more 
effective in rock formations than in air. 
For a barrel with a length (/) which is much longer than its inner diameter 
(2ax) and outer diameter (2a2), the easy direction for magnetisation is 
parallel to the barrel axis. Considering a simplified configuration, a 
unifomi magnetic field H applied along the barrel axis (Fig. 6.1) means 
that at any point inside the barrel 
B=Po(M+//)=MoA/(l+l/x), (6.2) 
where |io is the the permeability in air, M is the (volume) magnetisation 
and X is the magnetic susceptibility of the barrel material. Since V-B=0, 
then 
V-M=0. (6.3) 
As the problem is one of axial symmetry, in cylindrical co-ordinates, 
equation (6.3) becomes 
dz r dr 
For a long barrel, the r dependence of can be neglected, so Equation 
dz 
(6.4) can be integrated with respect to r to give 
M,(z.r) = - l ^ r . (6.5) 






Fig. 6.1 Barrel geometry. 
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Fig. 6.2 Axial magnetisation of a steel core barrel magnetised in a unifonn field. 
The calculated magnetisation (closed circles) caji be approximated by a 
quadratic expression (closed squares). 
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Using the definition o=HoA/-rt, the surface magnetic charge densities on 
the side surfaces (i.e. when r=ai , 02) are given by: 
o.(z.a,) = - i ^ ^ a , . (6.6) 
On the end planes of the barrel, the surface magnetic charge densities are 
o.(//2) = HoA^.(//2), 
o , ( - / /2) = -^oA^«(-//2). (6.7) 
The axial magnetisation satisfies the linear relationship 
M^^{Ho+H^\ (6.8) 
where is the axial demagnetising field, the sources of which are 
surface magnetic charges. In three dimensional space the demagnetising 
field can be written as (Skitek & Marshall, 1982) 
1 
' ^ 4 K H , J ' - | r - r ' | (6.9) 
To facilitate the calculation, a demagnetising field is assumed to be 
imiform on a cross section and is approximately equal to that on the z 
axis. At a point z = ^ the axial demagnetising field produced by the side 
magnetic charges is 
1 f'/2 
•in 
and the field produced by the end charges is 
dM 
dz (6.10) 
. 1 p a , ( / / 2 ) ( / / 2 - ^ ) r 1 t 
= ~ M . ( / / 2 ) ( / / 2 - ^ ) 
p o . ( - / / 2 ) ( - / / 2 - ^ ) / -
[ ( - / / 2 - ^ ) ^ - H r ^ r 
1 1 
[ ( / / 2 - ^ ) ^ + f l , ^ f [( / /2-^)^+a?] 1/2 
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1 .(6.11) 
Combining / / j =H^i+H^ and (6.8) results in an integral equation for the 
axial magnetisation as a function of the known parameters , 02 , X and 
//o(z). The numerical solution of can be obtained by using the one 
dimensional method developed by Chen et al. (1991). In this method, 
is expressed as 
M,(z) = X W 2 , ( ^ ) ' ' ' (6.12) 
The constants ( i = 0, 1, n) are evaluated by choosing the n+1 
positions 2 = ZQ , Z j , Z j , , and solving n+1 linear equations derived from 
(6.12) simultaneously, n = 12 was used for this computation for the steel 
drill barrel in Section 6.3. 
6.2 The magnetic f ield in a d r i l l barrel 
The external magnetic field of a magnetic body can be expressed in terms 
of the vector potential A by 
B = VxA, (6.13) 
A originates from equivalent electric currents inside and on the surface of 
the body. The surface and volume currents are given by 
X = Mxn (6.14) 
and 
y = V x A f , (6.15) 
where n is the outward unit vector normal to the body surface. This 
means that the vector potential can be written as 
^ = 7 ^ f r ^ ' + T ^ f r ^ ^ ' ' (6.16) 
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where S' and V represent the surface and the volume of the body, and r, 
r* are the three-dimensional positional vectors for field and source points 
respectively. 
From equation (6.14), the side surface and end surface current densities 
for the barrel described above are 
on outer surface 
on inner surface (6.17) 
X = 
-M,m)L, at z=//2 
at z=-//2 
where is the azimuthal unit vector. From equation (6.15) the volume 
current density is 
y = ^ v (6.19) 
oz 
It should be noted that the only non-vanishing component for both surface 
and volume currents is the azimuthal component, indicating that the vector 
potential A = A^i^ . Substituting (6.17) to (6.19) into (6,16), the vector 
potentials due to side surface (A^^p), end surface (Agq,) and volume 
currents (Aj^,) are as follows: 
4 = i i ^ f p ^ = i ^ f ^ z f " 




V(z - / / 2)' + + r'^ -2rr'cosq> 
M f - / /2 ) r'coscpdcp, (6.21) 
(6.22) 
47tJ' | r - r | 4jtJ-'«-'°. Jo 3z ^(z-z')^+ r'^-2rr'cos(p 
Using equation (6.13), the axial and radial components of the field are 
readily obtained as: 
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B = (6 23) 
' r dr r dr 
B = J ^ = JJ^^l^..l^. (6.24) 
dz dz 
63 Application of the modelling to a steel drill barrel 
The above expressions are applied to numerical calculations of the 
magnetic field of a standard steel core barrel. The length, inner diameter 
and outer diameter of the barrel are / = 51.30 cm, la^ = 5.73 cm and 2a2 
= 6.46 cm respectively. The susceptibility of a steel barrel can be 
estimated to be about % =10^ (S.I)(e.g. Skitek & Marshall 1982). The 
axial magnetisation M^(z) inside the barrel (normalised to M^iO), the 
magnetisation at the axial centre of die barrel), obtained by using the one 
dimensional method of Chen et al. (1991)(see Section 6.1), is plotted as a 
function of axial position z in Fig. 6.2. As the magnetisation is nearly 
quadratic, it may be expressed approximately as 
M,(z)=M,{0) \ - 3 { j f . (6.25) 
Substituting equation (6.25) into (6.5) gives the radial magnetisation 
M^.) = 3 ^ z r . (6.26) 
Combining equations (6.20) to (6.26), the dimensionless numerical 
solutions of the axial and radial fields, BJ\x^^{0) and B^/ii^^(0), can be 
computed (Fig. 6.3). Four of the main characteristics of the field are :-
(1) The magnetic field is concentrated about the ends of the barrel 
with the maximum field at the barrel tips (z = ± / / 2). The field adjacent 
to the barrel wall decreases to some l/e {e the base of natural logarithms) 
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Fig. 6.3 Variations of dmiensionless (a) axial field (-4i5,(z)/M,(0)Mo) and (b) radial field (-45r(z)/A/,(0)Mo) 
functions of radius r inside a core barrel at different axial positions (z). 
as 
The radius r has been normalised to the outer radius a-
(2) The total field (the vector sum of axial and radial components) 
intensity is much stronger near the inner wall than close to the axis. 
(3) The magnitude of the radial component is virtually zero along 
the axis of the barrel. 
(4) At the tips of the barrel (z = ± / / 2), the magnitudes of both the 
axial and radial components show the strongest dependence on the 
distance from the barrel axis. 
To test the modelling, the axial magnetic field at the ends of a barrel was 
measured with a Hall probe gaussmeter with an effective measuring area 
of 0.4 cm2. Measurements confirm the field is at a maximum in the 
expected positions (Fig. 6.4), but since the actual field under which the 
barrel was magnetised is not known, it is not meaningful to compare the 
numerically calculated field values with those observed. However the 
relative values at z = ± / / 2 are in excellent agreement (cf. Figs 6.3(a) and 
6.4), suggesting that the numerical modelling is a good approximation to 
reality. 
6.4 Field dependence on geometric shape of the barrel 
The geometric shape of a barrel can be specified by two parameters, 
namely Il2a2 and axla2 (Fig. 6.1), that also influence the field distribution, 
as can be seen from considering the total field at z = ± 111 for three 
different barrels (Fig. 6.5) with geometric dimensions of (i) Il2a2 - 8 and 
a,/<32 = 0.8 (square-marked curve), (ii) Il2a2 = 8 and axla2 = 0.9 (dot-
marked curve) and (iii) l/2a2=l6 & ai/a2 = 0.9 (circle-marked curve). 
This shows that i f the thickness of the barrel wall is doubled, then the 
field wi l l be, on average, more than doubled. In contrast, an increase in 
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-1 ^.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 
RADIUS (r) 
Fig. 6.4 Direct measurement o f the radial variation of tlie axial field at 
the tip a steel core barrel. 
Tlie measurements show a similar trend to the calculated variation 
shown in Fig. 6.3(a). 
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1 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1 
RADIUS (r) 
Fig. 6.5 Comparison of total fields at tips of barrels of different 
geometric dimensions. 
Tlie curves for 7/2^ 2=8 & a,/a2=0.8, llloi^^ & ^ ,7^2=0.9 and 
//2a2=16 & (7|/a2=0.9 are marked, respectively, as closed quares, 
closed circles and open circles. 
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the length of the barrel has little effect on the field, i.e. i f the length is 
doubled, the field is only marginally decreased. 
6.5 Discussion and conclusions 
The strong concentration of the core-barrel field at the tip of the barrel 
suggests that whatever mechanism is responsible for D I R M it must 
operate mainly within this small voliune as the field elsewhere is minimal 
or absent. One implication of this is that the bore-core should be in the 
strong field at the barrel tip for only a few minutes, much less than the 24 
hours (for the drilling rate of - 1 foot/hour) suggested by Ozdemir et aK 
(1988). While this observation does not prevent an isothermal origin for 
the D I R M , it would suggest that viscous remanences are unlikely to be 
significant It also implies that the processes responsible are most likely 
to be associated with the actual cutting of the rock by the drill bit, 
suggesting that thermal, chemical or vibrational effects, or combinations 
of these, are responsible. I f these latter processes are more important 
than the isothermal effect, then it may be possible to largely or completely 
eliminate D I R M effect by separating the field of the barrel from the area 
where the processes are operating, i.e. at the drill bit itself. This could be 
done, for example, by a non-magnetic drill bit, with a length comparable 
to the diameter of the core, attached immediately at the end of the barrel. 
Thus any heating, vibration or chemical effects would be largely 
completed before the rocks concerned were subjected to the field of the 
drill barrel. 
The field of a core barrel is most complex closest to the barrel where it 
comprises both vertical and radial components. As the field is weakest. 
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and almost entirely axial, along the axis of the core, this suggests that the 
optimum position within the bore core from which to take samples would 
be along its axis, rather than ft-om its sides. This is consistent with the 
experimetal studies conducted by Jackson & Van der Voo (1985), 
Audunsson & Levi (1989) and L i et al. (1991) who found that the central 
portion of a core is least affected by D I R M . However, i f samples are 
taken from the opposite sides of the bore-core, then their radial 
components of D I R M should be of opposite sign, and therefore can be 
cancelled, although the vertical component would be of the same sign in 
both samples. 
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Chapter 7 Magnetic effect caused by shock/vibration 
7.1 Introduction 
A question that is often raised is whether the remanent magnetism of 
rocks is affected by the shock and vibration associated with block 
sampling, field core drilling or the cutting of specimens (Jeffreys 1970, 
CoUinson 1983). Much effort has been expended to study the effect of 
shock on the intensity and orientation of remanent magnetisation (e.g. 
Shapiro and Ivanov 1966, Hargraves and Perkins 1969), mainly 
associated with volcanic eruptions, earthquakes and meteorite impacts. 
Only a limited number of studies have been devoted to the magnetic 
property changes in rocks during mechanical shocks. Nagata (1971, 
1974) conducted a series of laboratory experiments on igneous rocks and 
found that low intensity, non-destructive shocks produced similar effects 
to those of low pressure compressions, and suggested that changes in 
magnetic properties are of magnetostrictive origin so could be eliminated 
by alternating field (AF) demagnetisation. In this thesis, such effects are 
referred to as AF-reversible magnetic effects. AF-Irreversible magnetic 
effects (i.e. those of non-magnetostrictive origin), on the other hand, have 
been demonstrated only in experiments using high-velocity projectiles 
(e.g. Martelli and Newton 1977), where destructive crushing occurs. In 
this chapter a laboratory experiment is described to investigate the 
possible effect of shockA'ibration on magnetic properties of sedimentary 
bore cores. 
7.2 Set-up of falling ball experiment 
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A falling ball experiment was designed to examine the effect of shock 
impact on rock specimens (Fig. 7.1), In the shock experiment, one 
specimen was mounted between two non-magnetic cushions in a vertical 
plane containing the falling ball. The falling ball, fixed to one end of a 
thread of 1 m length, was of tungsten, 55 mm in diameter and 809.1 
grams in weight. By lifting the ball to a height, h, and then releasing it to 
fall in the plane, and then catching it after it bounced back from the 
cushion (C2), one complete shock was accomplished. 
73 Experimental procedures 
The magnetic effect of shock impact on bore core material was examined 
using 10 palaeomagnetic specimens (4 from North Sea bore cores, 3 from 
Prudhoe Bay bore cores and 3 from Sellafield bore cores.). The 
specimens were cut from the central part of the sub-cores drilled 
transversely from the original bore cores (see Fig. 3.5, Chapter 3) with die 
diameter and the length of the specimens being 25 mm and 14 mm 
respectively. It was not known to what extent any of the specimens had 
been mechanically shocked during their original acquisition. 
Prior to shock treatment, the following magnetic experiments were carried 
out on the specimens: 
(i) measurement of low field magnetic susceptibility along X-axis in the 
sub-core coordinates; 
(ii) I R M acquisition along X-axis in certain pulsed magnetic fields 
followed by remanence measurement at each step. The pulsed fields were 
122 
B: Cement Block 
C i ! Cushion 
Cj! Cushion 
S: Specimen 
M: Falling ball 
\ 
Fig. 7.1. Schematic view of the falling ball experiment. 
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5, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mT for the North Sea 
specimens, and 10 mT for the Prudhoe and Sellafield specimens; and 
(i i i) measurements of I R M anisotropy using a 10 mT pulsed field. 
The specimens were then subjected to low magnitude shock impacts in 
the direction of Z-axis (i.e. the sub-core axis) with the falling ball being 
lifted to a height h = 25 mm. The momentum of the falling ball was given 
by 
I = m ^ , (7.1) 
where g denotes the acceleration due to gravity. Substituting m=0.8091 
kg, g=9.8 m/s^ and h=0.025 m into the above equation, then I = 0.57 
kg-m/s. 
After a specific number of shocks, the following steps were conducted: 
(iv) repeat of step (i); and 
(v) I R M acquisition along X-axis in a pulsed magnetic field of 10 mT 
followed by remanence measurement. 
In order to examine whether there was any AF-irreversible magnetic 
effect, the following steps were continued: 
(vi) AF demagnetisation in 100 mT peak field and remanence 
measurement. 
(vii) repeating steps (i) and (i i) . 
Since the AF demagnetisation in step (vi) removed any magnetostriction 
effect caused by the shock treatment (Nagata 1971), changes in magnetic 
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properties measured in step (vii) were attributable to AF-irreversible 
intrinsic changes of non-magnetostrictive origin. 
Upon the completion of the above shock treatment, step (iii) was repeated 
and the I R M anisotropy ellipsoid was compared with that obtained prior 
to shock treatment. 
To investigate the effect of the shock intensity, additional shock impacts 
were applied to a North Sea specimen (i.e. Specimen 15B-S) with the 
falling ball having a momentum that was twice as much, i.e. / = 1.14 with 
h = 100 mm. In this experiment only the capacity of I R M acquisition in a 
series of pulsed fields up to 100 mT was examined. 
7.4 Magnetic enhancement due to shock impact 
(a) North Sea specimens 
Mechanical shock impact caused increases in the North Sea bore core 
specimens in both low field susceptibility and the capacity to acquire an 
I R M (Figs. 7.2 and 7.3). Both parameters increased initially and then 
saturated after a certain number of shocks, but the capacity to acquire an 
I R M saturated at shock numbers much higher than those for the low field 
susceptibility saturation. AF demagnetisation, on the other hand, could 
partially cancel this shock imposed magnetic effect and, after AF 
treatment, both low field susceptibility and the capacity of remanence 
acquisition decreased. The decrease in susceptibility caused by AF 
demagnetisation was some 1/5 - 1/4 of the original increase while the 
decrease in the capacity of I R M acquisition was approximately constant 
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— Prior t o AF 
•o A f t e r AF 
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Number of shocks 
800 1000 
IIB-S 
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• Af t e r AF 
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Number of shocks 
1400 
15B-S 
... Con t i nued o n next p a g e . 
Fig. 7.2 Low field susceptibility change as a function of the number of 
shocks for four North Sea specimens. 
Note the difference between the susceptibilities with (After AF) and 
without (Prior to AF) AF demagnetisation after the shock treatment. The 
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Fig. 7.3 Shock imposed change in the capacity of acquiring IRM 
in 10 mT for four North Sea specimens. 
Note the difference between the capacities with (After AF) and 
without (Prior to AF) AF demagnetisation after the shock treatment. 
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Fig. 7.3 Continued. Legend same as previous page. 
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at shock numbers c. > 200. The AF-irreversible increase in the capacity 
of IRM acquisition was approximately linearly related with the number of 
shocks before its saturation (Fig. 7.4). Such increase was also a function 
of the applying field with the largest effect in the highest field (i.e. 100 
mT). 
(b) Prudhoe Bay specimens 
The capacity to acquire an IRM in the Prudhoe Bay specimens increased 
after they had been subjected to the low magnitude shock impact (Fig. 
7.5). Nevertheless, the shock impact did not impose apparent change in 
magnetic susceptibility (Table. 7.1). The increase in the capacity of IRM 
acquisition was saturated at a shock number below 50 and then the 
capacity became constant. After AF demagnetisation in a peak field of 
100 mT, some 80 - 90 % of the increase in the capacity was removed. 
(c) Sellafield specimens 
The shock treatment did not impose evident changes in either magnetic 
susceptibility or the capacity to acquire an IRM in the Sellafield 
specimens (Tables. 7.2 and 7.3). 
7.5 The effect of intensity of shock impact 
Higher intensity shocks imposed larger increase in the capacity of IRM 
acquisition (cf. Figs. 7.4 and 7.6). A comparison of the average IRM 
increment per shock imparted to the North Sea specimen 15B-S shocked 
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Fig. 7.4 IRM acquired versus the number of shocks for a series of 
applied fields for four North Sea specimens. 
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Fig. 7.4 Continued. Legend same as previous page. 
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... Continued on next page. 
Fig. 7.5 Shock imposed change in the capacity of acquiring 
IRM in 10 mT for three Prudhoe Bay specimens. 
Note the difference between the capacities with (After AF) and 
without (Prior to AF) AF demagnetisation after the shock treatment. 
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Fig. 7.6 IRM acquired versus the number of shocks for a series of 
applied fields for Specimen 15B-S. 
The momentum (I) of the falMng ball was L12 kg.m/s and the specimen 
had been shocked with 1=0.57 kg.m/s prviously (see Fig. 7.4). 
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;r of shocks Susceptibiltiy (micro S.I.) 
12-3C2 14-9C2 15-lCl 
0 104.1±1.0 81.6±0.9 62.3±0.5 
3 104.1 ±0.9 82.3±0.3 61.9±0.6 
5 104.7±1.3 82.1 ±0.5 62.2±0.4 
10 103.6±0.8 80.7±1.0 61.1±0.7 
15 104.3+0.6 82.0±0.6 61.5±0.8 
20 103.7±0.6 83.2±0.7 62.0±0.5 
30 105.0±1.1 82.1±1.1 62.6±0.9 
50 104.8±0.8 81.8±0.6 62.2±0.7 
100 104.9±0.9 82.9±0.8 63.4±0.9 
150 105.1±1.2 83.0±0.5 62.8±0.6 
200 104.8±0.7 83.2±0.8 63.1 ±0.8 
Table 7.1 Low field susceptibilties measured during stepwise 
shock impact on three Prudhoe Bay Specimens. 
The momentum (I) of the falling ball was 0.57 kg.m/s. The errors 
represent standard errors of the mean (S.E.M) of 5 measurements. 
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Number of shocks Susceptibility (micro S.I.) 
Specimen 209S Specimen 218S Specimen 236S 
0 62.0+0.8 154.1±1.3 211.3±0.9 
5 61.7±0.9 154.4±0.9 211.6±1.0 
10 62.1 ±0.7 154.7±1.3 211.1±0.8 
20 61.6±0.8 154.3±0.6 211.0±0.7 
30 62.0±0.6 154.7±0.8 211.2±0.7 
50 62.3+1.3 154.0±1.1 211.9±1.3 
70 62.1 ±0.9 154.8+1.4 211.8+0.8 
100 62.4±0.9 154.9±0.9 211.9±0.8 
150 61.8±0.7 155.1±1.1 211.0±0.6 
200 62.4±1.0 154.8±0.7 211.2±0.8 
Table 7.2 Low field susceptibility measured during stepwise shock 
impact on three Sellafield specimens. 
The momentum (I) of the falling ball was 0.57 kg.m/s. The errors 
represent standard errors of the mean (S.E.M) of 5 measurements. 
Number of shocks IRM (mA/m) 
Specimen 209S Specimen 218S Specimen 236S 
0 16.9 38.2 47.4 
5 16.7 38.8 47.1 
10 16.1 38.0 47.8 
20 16.8 37.9 47.9 
30 16.2 38.5 46.6 
50 16.9 38.5 47.8 
70 17.0 38.7 48.0 
100 16.8 39.2 47.6 
150 16.7 38.4 47.5 
200 17.1 38.9 47.8 
Table 7.3 IRM acquisition in a pulsed field of 10 mT during stepwise 
shock impact on three Sellafield specimens. 
The momentum (I) of the falling ball was 0.57 kg.m/s. 
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with different shock intensities (i.e. I = 0.57 kg.m/s and 1.14 kg.m/s) 
showed that when the momentum of the falling ball was doubled, the IRM 
increment increased by between 30% - 50% depending on the intensity of 
the applied field (Fig. 7.7). 
7.6 Change in magnetic anisotropy due to shock 
(a) North Sea specimens 
Shock impact imposed apparent changes in the degree and shape of the 
IRM anisotropy ellipsoids in these specimens. The general trend was that 
the maximum and intermediate principal axes of the IRM ellipsoid tended 
to be normal to the shock direction and the minimum principal axis tended 
to become parallel to it (Fig. 7.8). In the meantime, the magnitude of the 
IRM anisotropy ellipsoids increased (Table 7.4). 
(b) Prudhoe Bay specimens 
There was a slight increase in the capacity of IRM acquisition in the 
direction perpendicular to the shock direction. Contrarily, the capacity in 
the direction parallel to the shock direction decreased marginally (Table 
7.5), while the maximum principal axis of the IRM ellipsoid shifted 
towards the plane that was normal to the shock direction and the 
minimum principal axis moved towards the shock direction (Fig. 7.9). 
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Fig. 7.7 Dependence of IRM acquisition on shock intensity for 
North Sea Specimen 15B-S. 
The IRM increment per shock for J=0.57 kg.m/s was averaged over 









Fig. 7.8 Directional change of IRM ellipsoid caused by shock impact 
for four North Sea specimens. 
The numbers of shocks were 1000 (IIB-S), 1374 (15B-S), 1300 (28R-S) and 







Fig. 7.9 Directional change of IRM ellipsoid caused by shock impact for 
three Prudhoe Bay specimens. 
The number of shocks was 200 and the momentum of the falling ball was 
0.57 kg-m/s. 
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Experimemtal values IRM ellipsoid principol axes 
4^^ 




Mx My Mz Mx My Mz (mA/m) D e c O l n c C ) (mA/m) Dec (°) Inc (°) 
IIB-S Field along X 0.27 0.03 0.02 0.46 0.05 0.03 0.31 43.6 18.2 0.51 37.1 16.3 
Field along Y 0.02 0.27 0.01 0.04 0.43 0.02 0.25 312.5 3.1 0.40 127.5 1.6 
Field along Z 0.03 0.02 0.22 0.05 0.05 0.34 0.21 213.4 71.5 0.32 222.9 73.6 
15B-S Field along X 0.86 -0.06 -0.03 1.13 -0.08 -0.04 1.04 172.6 55.9 1.30 137.1 22.3 
Field along Y -0.03 0.95 -0.10 -0.07 1.22 -0.12 0.97 280.9 12.0 1.16 237.1 24.7 
Field along Z -0.20 0.05 0.97 -0.03 0.13 0.99 0.77 18.4 31.3 0.84 10.2 55.7 
28R-S Field along X 2.25 -0.11 0.07 2.86 -0.09 0.22 2.70 270.0 45.0 2.88 202.6 0.4 
Field along Y -0.02 2.68 0.14 0.22 2.73 0.13 2.68 107.6 43.6 2.70 292.7 12.5 
Field along Z -0.20 -0.18 2.54 -0.20 -0.20 2.57 2.22 9.0 8.9 2.55 110.6 77.5 
49R-S Field along X 1.13 -0.03 0.07 1.63 -0.02 0.10 1.16 355.3 33.3 1.65 358.6 19.4 
Field along Y 0.04 1.04 0.00 0.06 1.44 0.00 1.07 226.6 43.7 1.47 251.4 40.1 
Field along Z 0.02 -0.04 1.09 0.04 -0.07 1.43 1.02 105.8 28.1 1.40 108.3 43.6 
Table 7.4 Shock imposed changes in IRM anisotropy for four North Sea specimens. 
The applied pulsed field was 10 mT and the principal axes pointing up v^ ere converted to the lower hemisphere. 
Experimemtal values 
Unshocked Shocked 
IRM ellipsoid principal axes 
Unshocked Shocked 
Inetnsity Inetnsity 
Specimen Mx My Mz Mx My Mz (mA/m) D e c C) Inc n (mA/m) D e c O I n c O 
12-3C2 Field along X 13.12 -0.54 0.29 13.22 -1.00 0.20 13.15 291.4 20.7 13.32 313.4 4.6 
Field along Y -0.16 13.50 -1.09 -0.03 13.25 -0.17 12.20 194.9 16.7 12.35 22.1 16.0 
Field along Z -0.42 -0.42 12.16 -0.30 -0.30 12.12 12.01 68.9 62.9 11.95 58.9 73.3 
14-9C2 Field along X 11.10 0.07 0.37 12.25 0.11 0.37 11.22 99.6 49.8 12.44 99.6 44.6 
Field along Y -0.31 12.64 1.16 -0.36 13.32 1.18 10.42 255.5 37.7 10.46 240.3 38.1 
Field along Z -1.01 1.25 13.05 -1.08 1.37 12.73 10.21 355.0 12.1 10.06 347.6 20.8 
15-lCl Field along X 11.95 -0.41 -0.52 12.48 -0.52 -0.52 12.13 239.4 48.9 12.36 212.1 33.2 
Field along Y 0.21 11.85 -0.72 0.42 12.17 -0.62 11.57 149.1 0.3 11.66 310.7 12.9 
Field along Z -0.10 -0.31 11.95 -0.42 -0.52 11.75 11.02 58.8 41.1 10.58 58.9 53.8 
Table 7.5 Shock imposed changes in IRM anisotropy for three Prudhoe Bay specimens. 
The applied pulsed field was 10 mT and the principal axes pointing up were converted to the lower hemisphere. 
Mechanical shock impact caused magnetic enhancement in the North Sea 
and Prudhoe Bay bore core materials in terms of increased low field 
magnetic susceptibility and the capacity of I R M acquisition, but there was 
virtually no such effect in the Sellafield bore cores. The magnetic effect 
in the North Sea and Prudhoe Bay specimens was only partially removed 
by AF treatment, though the effect was much more pronounced in the 
North Sea specimens than in the Prudhoe Bay specimens. This implies 
that, in addition to the magnetostrictive effect caused by the shock impact 
that can be removed by AF demagnetisation (Stacey & Banerjee 1974), 
other alterations of non-magnetostrictive origin also occurred in the 
magnetic mineral crystals. This is in great contrast to Nagata's (1971) 
conclusion that all effects imposed by mechanical shock on magnetic 
properties in rocks can be removed by A F demagnetisation. 
Considering the magnetite on the surface of the marcasite (FtS2) particles 
in the North Sea specimens (Chapter 3) it is probable that some iron 
sulphides at the boundary between the magnetite and the marcsite 
particles were in a metastable state. Shock impact could have introduced 
the energy needed to trigger the mineralogical alteration for production of 
ferromagnetic minerals (i.e. magnetite) from paramagnetic iron sulphides. 
Although both the susceptibility and the capacity to acquire an I R M 
increased after the application of shocks, their trends are different: the 
former was saturated at about 400 shocks (Fig. 7.2) while the latter 
showed a linear dependence on the number of shocks applied (Figs. 7.3 & 
7.4) before its saturation. This difference is not surprising, because the 
principal sources for susceptibility and remanence could be quite 
different. The increase in the capacity for remanence acquisition is a 
good parameter to quantify the magnetic effect due to shock. 
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Nagata (1970) and Parte et al. (1988) discovered that uniaxial 
compression would cause a decrease along the compression direction and 
an increase perpendicular to the compression direction in magnetic 
susceptibility. This can be explained theoretically in terms of a 
mechanism of irreversible rotation of spontaneous magnetisation. 
According to this model, under small stresses (i.e. within elastic limit), 
and for materials with a positive magnetostrictive constant, the changes of 
directional susceptibilities with stress can be expressed as (Nagata 1970, 
Kapicka 1988) 
k//=ko(l-(y/x), kJ-=ko(l+p-Lx) (7.2) 
where ko is the initial value of the susceptibility in the unloaded 
conditionand and x is the stress applied, (V^  and p-"- are constants such that 
px ^ p///2^ Although this model was originally derived for reversible 
change in susceptibility, the principles are the same for irreversible 
changes for both susceptibility and remanence acquisition. 
The Prudhoe Bay specimens appeared to have behaved in accordance 
with the above model, i.e. there was an increase in the capacity of 
remanence acquisition in the direction perpendicular to the shock impact 
and a decrease parallel to the shock impact. Since the shock impact 
caused increases in the capacity of IRM acquisition in all directions in the 
North Sea specimens (though the increase in the direction perpendicular 
to the shock direction was more pronounced than the increase parallel to 
the shock direction), the above model alone may not explain the magnetic 
changes in these specimens. The probable chemical change in the North 
Sea specimens has to be taken into account, as must the extent to which 
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the specimen from the different cores may have been shocked during the 
original drilling. 
A linear dependence of the increment in remanence acquisition due to 
shock impact was found 
A M,=Con, (7.3) 
where n is the number of shocks and Q is a function of the applied field 
and shock intensity. Since the mechanical shock used in the experiments 
was a two-body collision process, the impulse, which is a measure of the 
intensity of the collision, can be calculated simply from the loss of 
momentum of the falling ball. The momentum (/) of the falling ball is 
given by Equation (7.1) and the impulse is thus 
P^l(h)-l(h')^m^{4h-4h\ (7.4) 
where h' is the height to which the ball bounces after the shocking. The 
experiments show that h'«h. As a first approximation, 
P^Hh). (7.5) 
Thus the momentum of the falling ball can be used as a measure of the 
shock intensity. 
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Chapter 8 Discussion and conclusions 
8.1 Origin of magnetic effect of drilling 
Of the three bore core collections studied, the North Sea and Pmdhoe Bay 
bore cores contained a DIRM component that was characterised by 
symmetries in its intensity and direction relative to the core axis. The 
intensity of D I R M in the surface plugs was most pronounced and its 
direction had the greatest deviation from the core axis (Chapters 3 & 4). 
The observed radial variations in both intensity and direction correlated 
well with those of the theoretical magnetic field at one end of a steel drill 
barrel (cf. Figs. 3.6 & 3.7, Chapter 3 and 6.3 & 6.4, Chapter 6). 
Moreover, the D I R M intensity distribution also appeared to be correlated 
with variation in the radial remanence susceptibility (i.e. the capacity of 
remanence acquisition) in the North Sea and Prudhoe Bay cores and 
magnetic susceptibility in the North Sea cores. It is, therefore, probable 
that both the magnetic field distribution inside a drill barrel and the radial 
dependence of magnetic properties inside the bore cores were related to 
the acquisition process of DIRM. 
Based on the experiments and theoretical analyses described in the 
previous chapters, it can be concluded that -
(1) D I R M is not a pure V R M . Since the most effective field is 
concentrated within a few centimetres close to the end of the core barrel 
(Chapter 6), the time interval a few minutes) during which the bore 
cores pass through this field is too short for a significant V R M to be 
acquired. 
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(2) D I R M is not a pure I R M . This is because the stability of I R M was 
too low compared with D I R M (Chapter 3). 
(3) D I R M is not a pure T R M . The thermal demagnetisations of D I R M 
described in this thesis (Chapter 3) and by others (e.g. L i et al.) indicated 
that the unblocking temperature of D I R M could be as high as 680 °C (the 
magnetite Curie point). This is much higher than the maximum 
temperature ( - 200 ''C) experienced by the bore cores during drilling 
(Chapter 3) and thus DIRM cannot be a total T R M . Although the 
unblocking temperature increases with the time which the rock spent at 
certain temperature, the effective time interval ( - a few minutes) for the 
acquisition of D I R M rendered such an increase insignificant. 
(4) D I R M is not a pure superficial magnetic effect in bore cores. 
Superficial effects include grinding and tearing of magnetic particles and 
magnetic contamination at the cutting surface of bore cores during the 
drilling process. This is because DIRM can be present in an entire core 
section and is basically not confined to the bore core surface (Chapter 3). 
Shock/vibration is considered to be the major process that is responsible 
for the radial variation in magnetic properties. This is strongly supported 
by the simulation experiments conducted on the bore core materials 
(Chapter 7). As was shown in these experiments, the capacity of 
remanence acquisition increased significantly in the North Sea specimens, 
slightly in Prudhoe Bay specimens but virtually no change was found in 
the Sellafield specimens. These results are consistent with the 
discrepancies in radial dependence of the capacity of remanence 
acquisition for the three core collections (Table 8.1). 
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Shock imposed 
Increase in CORA 
North Sea Prudhoe Bay Sellafield 
Number of plugs 4 3 3 
Increase In CORA (%) 39.8 5.7 0 
Difference in CORA Number of cores 13 10 
between surface 
and central plugs 
Difference in CORA (%; 66.1 3.8 
Table 8.1 A comparison of shock imposed increase in the capacity 
of remanence (ARM or IRM) acquisition (CORA) and the original 
difference in CORA between surface and central plugs for three 
different core materials. 
The increases in CORA due to shock are average values and the number 
of shocks was 1000. I R M in 10 mT was used for the shock effect and 
A R M (0.1 mT direct field with 100 mT AF) for the differences of 
surface-central plugs. Experiments details are described in Chapters 
3, 4 and 7. 
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The radial dependence of the magnetic properties can be explained by the 
radial distribution of shock intensity inside a bore core. As a simplified 
one dimensional model, the shock wave radial propagation in a core can 
be described by the following equation (Pain 1983) 
where <j) is the shock wave function, x is the distance away from source of 
shock impact, c is the shock wave velocity, d is the diffusive constant and 
t is time interval. (Note that the second term on the right hand side 
accounts for attenuation.) Equation (8.1) has an exponentially decaying 
solution 
^ = (|)oe->^K(oi-kJi)^  (8,2) 
The intensity (or energy) of the shock wave is then 
E=|({)|2=(j)Q2e-2?jc (8.3) 
Fig. 8.1 shows the shock wave intensity decay as a function of distance 
from the shock impact when EQ = <j)Q2 = l and 2X = 1 . I f such shock 
impact was imposed on the surface of a bore core by the drill barrel, the 
shock wave intensity distribution within the bore core would have a 
symmetry about the core axis (Fig. 8.2). This configuration of shock 
intensity mimics the radial variation of remanence susceptibility within the 
North Sea and Pmdhoe Bay bore cores. Since the increase in the capacity 





Fig. 8.1. Energy decay as a function of distance (x) f rom the shock impact. 
The calculations are based on Io=l and 2X =1 , i.e. I=e' \ 
2 0 . 5 
Fig. 8.2. Radial shock wave intensity distribution within a bore core 
when shock impact was imposed on the bore core surface (i.e. r = 5). 
The calculations are based on Io=l and 2X, =1 . 
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shock impact (Chapter 7), such similarity is supportive of the assumption 
of shock imposed magnetic property change in the bore cores. 
The mineralogical content (especially magnetic mineralogy) in a bore core 
is another important factor that determines whether there is drilling 
imposed magnetic effect within the bore core. It was demonstrated in 
Chapter 5 that there was no D I R M in the Sellafield bore cores, the 
magnetic remanence carrier being virtually pure hematite. L i et al (1991) 
and Ozdemir et al. (1988) also found that drilling had little or no impact 
on hematite. A l l these results were probably due to the fact that hematite 
is a relatively chemically stable magnetic mineral (Tariing 1983, O'Reilly 
1984) and is not readily affected by drilling. Titanomagnelites, including 
magnetite, are more sensitive to external disturbances, such as mechanical 
stress (Fuller 1970, Stacey & Banerjee 1974). Low intensity shock or 
stress (up to a few hundred bars) can only cause magnetostrictive domain 
readjustments which are favoured by internal stresses and are therefore 
imstable (Stacey & Banerjee 1974). Being of low stability such magnetic 
effects are readily destroyed by conventional AF demagnetisation 
techniques. The D I R M in the Prudhoe Bay bore cores, which was 
demagnetised in AF of less than 20 mT (Chapter 4), is considered to be 
mainly of such an origin. 
However, magnetostriction alone is not sufficient to explain the drilling 
effect in the North Sea bore cores. This is because the stability of the 
D I R M against AF demagnetisation is too high (DIRM remanence 
coercivity ^ 50 mT) for a total magnetostrictive effect. It is very likely 
that chemical changes occurred in these bore cores during the process of 
drilling. As marcasite is prevalent in most of the bore cores, some 
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pyrrhotite may have formed through the following reaction (Gribble & 
Hall 1985) 
FeS2 -> Fei.;,S +ST (8.4) 
The magnetite layer in the marcasite particles should also be taken into 
account. A possibility is that metastable regions existed between the core 
marcasite and the surface magnetite. Such regions would be sensitive to 
external disturbances like mechanical shockA^ibrations and the end 
product would be magnetite (Chapter 3). 
It should be pointed out that iron sulphides, mainly in the form of co-
existing pyrite and pyrrhotite. are quite common in sedimentary rocks 
when D I R M is present. It is evident, from many of the publications on 
sedimentary bore cores containing D I R M that pyrrhotite could be a major 
carrier of D I R M . Three out of ten publications listed in Table 1.1 are 
studies on sedimentary bore cores (i.e. Sallomy & Briden 1975, Jackson 
& Van der Voo 1985 and Ozdemir et al. 1988). Surprisingly, although 
thermal demagnetisation of the bore core samples clearly indicated that a 
large proportion of DIRM could be carried by pyrrhotite, the authors all 
concluded that the DIRM was carried by magnetite. They interpreted the 
unblocking temperature of DIRM below 400°C as a result of D I R M being 
carried solely by coarse-grained magnetite. Moreover, pyrrhotite was 
also present in some igneous bore cores that carried D I R M (e.g. 
Burmester 1977) and again none of the authors regarded pyrrhotile as a 
major carrier of D I R M . Magnetite is a relatively familiar magnetic 
mineral to rock- and palaeo-magnetists, but the magnetic properties of 
iron sulphides are, so far, not very well understood. For example, no 
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literature can be found on the magnetic properties of marcasite (FeS2). 
Since marcasite and pyrite (both minerals have the same composition) are 
very abundant in sedimentary rocks (especially in marine sediments), 
magnetic studies on these minerals are of great importance for both 
academic and economic purposes. 
8.2. Methods to reduce DIRM effects in bore cores 
The experimental results and theoretical analyses conducted above 
suggest the following guidelines to reduce the magnitude of D I R M : 
a. A non-magnetic drill barrel (e.g. phosphor-bronze or stainless steel 
drill barrel) would be ideal to prevent D I R M acquisition, but the cost of 
such a drill barrel would be far too expensive for most drilling projects. A 
more economical yet still effective method to reduce D I R M is to use a 
non-magnetic drill segment (a few centimetres long) at the end of drill 
barrel. Thus heating, vibration or chemical effects at the tip of the drill bit 
would be largely isolated from the field of the drill barrel. 
b. Since D I R M is more concentrated at the surface of bore cores, the use 
of central samples for rock- or palaeo- magnetic purposes is 
recommended. 
c. I f samples are taken from the opposite sides of the bore-core, then 
their radial components of DIRM should be of opposite sign, and 
therefore can be cancelled, although the axial component would be of the 
same sign in both samples. Similarly, when a whole core containing 
D I R M is measured, only the component along the core axis contributes. 
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83. Future work 
a. Superficial magnetic effect 
Since D I R M is concentrated near the surface of bore cores, the superficial 
magnetic effect (i.e. grinding and tearing of magnetic particles and 
magnetic contamination at the cutting surface) needs to be studied in 
order to improve our understanding of D I R M . It is expected that a 
change in magnetic anisotropy is one of the major magnetic effects of 
such processes. 
b. Magnetic effect of stress release 
Just before core drilling, a high stress is retained in the rock that is to be 
drilled. The stress is primarily due to the gravitational load of the vertical 
hanging wall rock (Brudy et al 1994). At the moment the rock is being 
drilled, this stress is released. When a magnetic field is present, the rock 
could acquire a piezo-remanent magnetisation (PRM). The relative 
importance of this process to DIRM still needs to be examined. 
c. D I R M on the wall of drill holes 
It can be calculated that the magnetic field outside the drill barrel is 
virtually a mirror configuration of that inside the barrel. A reasonable 
implication is that core drilling should impose similar magnetic effects on 
the wall of the drill hole. The D I R M in a bore hole can actually be 
theoretically modelled based on the bore core magnetic measurements and 
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vice versa. This speculation can only be proved when both bore core 
magnetic measurements and bore hole magnetic logging are available. 
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A fractal approach for magnetostratigraphy 
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Fig. 9.2 Linear log-log relationship between gap length (s) and 
cumulative number (n) of gap intervals for different gap sizes (G) 
of Cantor sets. 
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from the observed palaeomagnetic record. Since the period under study 
has a constant length, the missing short intervals would have changed the 
lengths of the recorded intervals and, accordingly, the t-N curve. The 
effect of missing short intervals was examined by simulating a fiirther 
reduction in the resolution by removing the intervals of length less than 
0.1 Ma (other values were also tested with similar results) and 
consequently expanding the neighbouring opposite polarity intervals. In 
the case when two such intervals were adjacent, the shorter one was 
removed first. Even after removal of these short intervals, there was still 
a power law relationship between t and N, although the linear section had 
shifted marginally to the right of the original curve with a slight increase 
in the slope of the best-fit line (Fig. 9.4). The removal of short intervals 
also causes the deviation from linearity to shift from 0.28 Ma to about 0.5 
Ma. This indicates that the deviation from linearity is probably due to 
missing short polarity intervals rather than multi-scaling. During 
palaeomagnetic research, long intervals are much more likely to be 
identified than short intervals and multiple records of reversal sequences 
at different localities suggest a high confidence for intervals of long 
length. Thus, the power law relationship exhibited by intervals greater 
than 0.28 Ma can be regarded as an essential characteristic of all 
geomagnetic polarity intervals, probably down to the scale of polarity 
transitions. 
Stationarity was tested by dividing the 158 Ma period into two sub-
periods at 83 Ma BP and analysing them separately (Table 9.1). The t-N 
curves for both periods are of same shape and the fractal dimensions are 
very similar for longer polarity intervals (Fig. 9.5), so the geomagnetic 
field reversals are stationary. This means that subsequent polarity 
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Fig. 9 A A simulation of missing short intervals. 
Intervals less than 0.1 Ma are removed with the expansions of the 
neighbouring polarities. The best-fit line is for intervals > 0.5 Ma 
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Fig. 9.5 Stationarity of fractal distribution of polarity intervals. 
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independent of time. The relations between t and N for intervals with 
single polarity (normal or reversed) show that apart from a few longest 
intervals, the t-N curves for the two polarities are almost the same (Fig, 
9.6), suggesting that there is no, statistically, fundamental difference 
between the normal and reversed magnetic states. 
A Cantor set (Mandelbrot 1983) is an attractive analogy for the 
magnetostratigraphic polarity change sequence. Each gap Cwhey*) of the 
Cantor set can be used to represent a polarity time interval, which can be 
either normal or reversed magnetic polarity. Each solid bar ('curd') of the 
Cantor set can be used to represent a polarity transition zone, which is the 
time interval during which the Earth's magnetic field changes its polarity. 
This approach is justified because the duration of transition zones is 
generally considered to be broadly the same for all transitions, typically 
several thousand years (Tariing 1983, Laj et al. 1989). There is the 
relationship 
C = — ( 9 . 3 ) 
2r + /> 
where G is the relative size of the polarity interval, P is the shortest 
polarity interval and T is the transition time. So 
7 = - ^ . (9.4) 
2{\-G) 
G is related to the fractal dimension, D (Falconer 1990), by 
D = ^ H i 2 _ . (9.5) 
log(l/C) 
Combining Equations (9.4) and (9.5), the transition time T can be shown 
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Fig. 9.6 A comparison of fractal behaviours of normal and 
reversed polarities. 
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The shortest polarity intervals captured in the magnetostratigraphic time 
scale (Harland 1990) is 10^  yrs. Several other studies give similar results 
(e.g. Ninkovich et al. 1966). Substituting this value together with D = 
1.40 (Table 9.1) into Equation (9.6), the transition time is then T - 7800 
yrs. This derived transition time is slightly longer than those obtained 
from palaeomagnetic measurements on both sedimentary (Ninkovich et al. 
1966, Harrison & Somayajulu 1966, Opdyke et al. 1973) and igneous 
(Cox & Dalrymple 1967) rocks which have recorded the transition period. 
It seems certain from these palaeomagnetic studies that the time taken for 
a polarity directional reversal is something less than 5000 yrs. The 
discrepancy in transition time between the fractal modelling and the actual 
measurements can be explained by the hypothesis of missing short 
intervals. This is because additional short intervals would cause a smaller 
fractal dimension D, and thus a shorter transition time T is expected 
according to Equation (9.6), If the 5000 yrs is the upper limit of the 
transition time, then, based on the fractal model, the corresponding upper 
limit (with = 10^ yrs) of D is 1. 
The exponential (Poisson) distribution hypothesis proposed by Cox 
(1968) should lead to a linear relation between t and logN, Linear 
regression was undertaken on the data to see if this distribution provided a 
good alternative description for the reversal sequence (Table 9.1). The 
coefficients of determination of the best-fit lines for the 158 Ma period 
and for sub-periods were far below those for the corresponding power 
law relationship. While the coefficient of determination for the power law 
relationship increases with the extension of the period (e.g., from 83 Ma 
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to 158 Ma), the coefficient for the exponential relationship decreases. 
These characteristics apparently negate the Poisson distribution 
hypothesis and confimi the fractal hypothesis. Since a gamma distribution 
is not substantially different from a Poisson distribution for long intervals, 
the above conclusions regarding the Poisson hypothesis equally apply to 
the gamma hypothesis of Naidu (1968). The fractal distribution of 
geomagnetic polarity intervals therefore seems to be a more appropriate 
description of this phenomenon and would be consistent with geodynamo 




















IRM (mA/m) k(micfo S. 

















































































IRM (mA/m) k(micro S.I.) 































































IRM (mA/m) k(mlcro S.I.) 
E-llB 
IRM (mA/m) k(mlcro S.I.) 
Temp. (^ 'C; Hardvledium Soft Temp. (''O Hardvledium Soft 
20 0.92 15.24 53.42 -2.8 20 0.08 7.24 15.32 9.0 
80 0.99 15.08 46.26 -2.9 80 0.32 7.16 14.14 7.9 
120 084 13.93 41.08 -2.9 120 016 6.45 12.26 7.6 
220 0.68 12.37 33.37 -3.0 220 0.12 6.05 10.86 8.4 
270 0.80 12.26 30.57 -2.6 270 0.02 4.03 7.09 8.1 
300 0.88 1039 25.55 -2.7 300 0.08 3.72 6.72 7.0 
330 0.40 9.27 20.24 -3.1 330 019 3.41 6.24 8.0 
370 0.44 4.70 13.31 -2.5 370 0.08 2.75 4.94 7.2 
450 0.32 3.62 1046 -2.0 450 0.00 0.15 0.73 8.2 
500 0.18 2.65 7.65 -1.2 500 0.01 0.10 0.41 8.3 
550 0.33 1.40 3.29 13.0 550 0.01 0.12 0.37 9.1 
580 0.30 0.71 1.18 12.6 580 0.02 a i 4 0.29 8.1 
D-llB 
IRM (mA/m) k(mlcro S.I.) 
Temp. (''C; Hard Medium Soft 
20 1.07 6.92 26.82 -3.8 
80 1.35 8.16 24.55 -4.0 
120 0.72 6.96 21.73 -3.9 
220 0.84 7.20 18.64 -3.0 
270 0.72 5.89 15.97 -3.7 
300 0.56 5.45 14.35 -3.3 
330 0.52 5.57 13.09 -3.8 
370 0.64 4.93 1052 -2.9 
450 0.24 1.71 5.36 -0.3 
500 0.21 1.47 4.09 2.6 
550 0.19 1.11 2.92 18.4 
580 0.29 0.76 1.57 18.2 
Appendix 1 Thermal demagnetisation of three ortt^ ogonal IRM components. 
The three components were acquired In 800mT.400mT and lOOmT pulsed fields 
(see Fig. 3.4). 
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In sutxxxe ooad nates Inocreooordnofes 
NRM 
Plug (mA/m) k(mlaoS.I.) DecO IncO DecO IncO 
UB-A 2.03 022 172.0 -4.0 296.7 81.1 
IIB-B 0.58 -5.8 178.0 19.0 185.8 70.9 
IIB-C 0.64 -4 164.0 -20.0 322.9 64.6 
IIB-D 1.04 -3.34 177.0 -11.0 344.9 78.6 
IIB-E 2.72 37.68 175.0 39.0 186.1 50.7 
13B-A 1.56 2.33 177.0 -14.0 348.1 75.7 
13B-B 1.57 -6.2 166.0 2.0 261.8 75.9 
13B-C 1.84 1.55 175.0 -8.0 328.2 80.6 
13B-D 1.69 2.22 177.0 -2.0 303.7 86.4 
13B-E 4.04 50.1 179.0 36.0 181.4 54.0 
13R-A 4.43 50.3 62.0 -30.0 303.2 70.0 
13R-B 2.72 -0.44 56.0 1.0 268.8 80.0 
13R-C 2.50 2.32 186.0 -6.0 44.8 81.5 
13R-D 2.33 -0.33 1800 -6.0 360.0 84.0 
13R-E 2.62 022 181.0 15.0 176.3 75.0 
15B-A 098 -1.1 213.0 -19.0 57.7 52.5 
15B-B 0.82 -1.85 178.0 24.0 184.5 65.9 
15B-C 2.19 -3.04 166.0 -5.0 289.9 75.2 
18B-A 2.85 1.39 178.0 -20.0 354.5 69.9 
18B-B 1.17 -3.23 168.0 1.0 265.2 78.0 
18B-C 085 -4.03 180.0 -19.0 00 71.0 
18B-D 1.09 -6.11 156.0 -12.0 297.6 63.3 
18B-E 1.76 24 168.0 37.0 195.4 51.4 
18R-A 1.59 9.93 174.0 -16.0 340.0 72.9 
18R-B 069 -2.76 203.0 -19.0 48.6 60.5 
18R-C 056 -2.32 127.0 -8.0 28O0 36.6 
18R-D 074 -3.31 190.0 5.0 116.7 78.8 
18R-E 2.06 -1.77 183.0 6.0 153.5 83.3 
21B-A 3.26 1.43 182.0 -18.0 6.1 71.9 
21B-B 2.70 -1.43 185.0 00 90.0 85.0 
21B-C 1.23 -2 171.0 -13.0 325.9 74.2 
21B-D 2.07 -2 186.0 -5.0 50.1 82.2 
21B-E 3.63 28.22 169.0 15.0 215.5 71.5 
21R-A 2.92 8 177.0 -8.0 339.6 81.5 
21R-B 2.19 -2.73 169.0 OO 270.0 79.0 
21R-C 1.65 -3.52 172.0 -7.0 311.4 79.4 
21R-D 1.72 -5.98 177.0 3.0 225.0 85.9 
21R-E 2.71 -0.6 180.0 20.0 180.0 70.0 
28R-A 4.01 13 190.0 -34.0 14.4 54.7 
28R-B 1.74 -5.56 180.0 -20.0 00 70.0 
28R-C 1.27 -4.92 180.0 -14.0 OO 76.0 
28R-D 5.37 -1.74 184.0 18.0 167.9 71.6 
28R-E 5.89 3.68 18O0 39.0 180.0 51.0 
... continuedcn next pags. 
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30B-A 4.52 2.21 176.0 -41.0 355.4 48.8 
30B-B 2.65 -3 176.0 -13.0 3422 76.4 
30B-C 1.83 -2.76 178.0 -17.0 353.5 72.9 
30B-D 1.25 -3.53 177.0 3.0 225.0 85.8 
30B-E 1.96 20.05 177.0 49.0 182.6 40.9 
30R-A 1.79 18.19 172.0 -50.0 353.3 39.5 
30R-B 0.51 -3.31 180.0 0.0 296.6 90.0 
30R-C 0.33 -3.23 178.0 5.0 201.7 84.6 
30R-D 3.43 -1.54 189.0 19.0 155.6 69.0 
30R-E 4.72 4.38 181.0 41.0 178.8 49.0 
48R-A 1.07 -221 166.0 1.0 265.9 76.0 
48R-B 1.21 -3 152.0 0.0 270.0 62.0 
48R-C 1.61 -2.43 180.0 -28.0 360.0 62.0 
48R-D 1.83 -2.1 175.0 -2.0 291.8 84.6 
48R-E 1.76 1 171.0 14.0 2121 73.4 
49R-A 1.74 0.2 167.0 6.0 245.0 75.7 
49R-B 1.16 -1.04 166.0 7.0 243.0 74.4 
49R-C 1.11 -0.8 178.0 -23.0 355.3 66.9 
49R-D 1.38 1.23 168.0 1.0 265.2 78.0 
Appendx 2 Initid NRMcndsuscepHblity mecsurements df iveradd pceitions 
(seeFigp. 3.6,3.7 crKi3.8). 
18R-C 28R-E 
Namdized Namdized 
IRM ARM IRM ARM 
AF (mT) (10E-9T) (10E-9-D IRM ARM AF (mT)(10E-9T) (10E-9T) IRM ARM 
0 30.40 1.39 1.00 1.00 0 147.00 3.93 1.00 1.00 
5 23.00 1.30 0.76 0.94 5 99.10 3.28 0.67 0.84 
10 16.90 1.19 0.56 0.85 10 66.60 2.78 0.45 0.71 
15 12.20 0.95 0.40 0.69 15 46.20 2.29 0.31 0.58 
20 8.90 0.83 0.29 0.60 20 33.20 1.87 0.23 0.48 
25 6.49 0.70 0.21 0.50 25 24.80 1.42 0.17 0.36 
30 4.80 0.48 0.16 0.35 30 18.30 1.19 0.12 0.30 
40 2.61 0.40 0.09 0.29 40 10.50 0.76 0.07 0.19 
50 1.40 0.32 0.05 0.23 50 6.23 0.39 0.04 0.10 
60 1.04 0.29 0.03 0.21 65 3.55 0.20 0.02 0.05 
80 0.10 0.21 0.00 0.15 80 0.86 0.19 0.01 0.05 
100 0.05 0.15 0.00 0.11 100 0.55 0.11 0.00 0.03 




IRM ARM IRM ARM 
AF (mT) (mA/m) (10E-9T) IRM ARM AF (mT) (mA/m) (10E-9T) IRM ARM 
0 267.82 14.35 1.00 1.00 0 75.85 6.80 1.00 1.00 
5 215.53 13.90 0.80 0.91 5 62.49 6.75 0.82 0.97 
10 163.43 13.25 0.61 0.79 10 49.59 6.55 0.65 0.86 
15 125.05 12.50 0.47 0.65 15 40.03 6.30 0.53 0.73 
20 97.26 11.80 0.36 0.51 20 31.93 6.11 0.42 0.63 
25 76.36 11.31 0.29 0.42 25 26.05 5.90 0.34 0.51 
30 63.19 10.85 0.24 0.33 30 22.64 5.86 0.30 0.46 
40 43.14 10.30 0.16 0.23 40 18.83 5.49 0.25 0.29 
50 31.84 10.01 0.12 0.17 50 16.92 5.35 0.22 0.22 
65 23.14 9.50 0.09 0.08 65 13.73 5.15 0.18 0.11 
80 18.93 9.26 0.07 0.03 80 11.33 4.82 0.15 0.07 
95 15.96 9.15 0.06 0.01 95 10.19 4.96 0.13 0.04 
100 14.94 9.05 0.06 0.00 100 9.53 4.60 0.13 0.03 
103 14.37 9.10 0.05 0.00 103 9.28 4.95 0.12 0.00 
Appendix 3 AF demagnetisation of ARM and IRM. 
IRM was produced in a pulsed field of 800 mT and ARM was produced in 0.1 mT direct 
field applied parallel to a decaying AF with peak amplitude of 100 mT. 
NRM(lOE-lOTesld) NRM(mAATO 
F(mT) 28R-A 28R-B 28R-C 28R-D 28R-E 28R-A 28R-B 28R-C 28R-D 28R-E 
0 27.21 9.95 7.53 27.40 30.98 4.01 1.74 1.27 5.37 5.88 
3 26.45 10.10 7.44 27.14 30.09 3.89 1.77 1.26 5.32 5.72 
5 26.03 9.75 7.29 26.95 29.19 3.83 1.71 1.23 5.28 5.54 
10 24.15 9.85 6.85 24.96 27.23 3.56 1.72 1.16 4.89 5.17 
15 19.26 8.15 5.29 21.14 25.16 2.84 1.43 0.89 4.14 4.78 
20 17.13 6.47 3.50 17.78 21.33 2.52 1.13 0.59 3.48 4.05 
25 12.88 5.43 4.07 14.50 17.03 1.90 0.95 0.69 2.84 3.24 
30 10.82 5.07 4.53 12.33 15.13 1.59 0.89 0.76 2.41 2.87 
35 8.83 4.45 2.83 9.64 11.69 1.30 0.78 0.48 1.89 2.22 
40 8.78 4.10 2.33 8.13 10.84 1.29 0.72 0.39 1.59 2.06 
45 6.74 3.15 2.67 6.89 9.64 0.99 0.55 0.45 1.35 1.83 
55 6.84 3.32 2.62 5.38 2.28 1.01 0.58 0.44 1.05 0.43 
70 3.83 2.88 4.13 2.30 4.73 0.56 0.50 0.70 0.45 0.90 
Appendx4 AF demogneHsdionof NRMIncxxeplu^ of Cae28R. 




f. (mT) 18B-A 18B-B 18B-C 18B-D 18B-E 18B-A 18B-B 18B-C 18B-D 18B-E 
0 13.41 5.17 4.80 6.24 10.02 284 1.16 0.85 1.09 1.75 
3 13.08 4.91 4.70 5.77 9.23 2.77 1.11 0.83 1.14 1.61 
5 12.42 4.80 4.35 5.20 9.61 2.63 1.08 0.77 1.03 1.68 
10 11.08 5.33 4.33 5.37 7.36 2.35 1.20 0.77 1.07 1.29 
15 9.57 5.24 3.67 5.23 6.73 2.03 1.18 0.65 1.04 1.18 
20 8.56 3.34 4.49 4.36 5.60 1.81 0.75 0.80 0.86 0.98 
25 7.61 3.13 3.42 4.83 4.51 1.61 0.71 0.61 0.96 0.79 
30 6.48 3.18 2.67 3,79 2.92 1.37 0.72 0.48 0.75 0.51 
35 6.54 2.81 2.54 3.92 3.46 1.39 0.63 0.45 0.78 0.61 
40 5.35 1.80 276 1.75 2.95 1.13 0.41 0.49 0.35 0.52 
45 3.41 2.50 2.99 2.17 2.49 0.72 0.56 0.53 0.43 0.44 
55 2.55 2.30 2.16 3.02 1.55 0.54 0.52 0.38 0.60 0.27 
70 2.12 3.99 3.58 1.27 3.03 0.45 0.90 0.64 0.25 0.53 
Appendx 5 AF dsmagietisdioncf NRMincoreplu^ of Cael8B. 
Thepiugvdumes aes l i^ydfferent cndhcvebeenoonsideredlntheNRMCmAArD 
ontherl^hcndslde 
NRMClOE-lOTesId) NRMCmAArD 
T CO 21R-A 21R-B 21R-C 21R-D 21R-E 21R-A21R-B 21R-C 21R-D 21R-E 
20 14.67 10.12 9.25 9.22 14.61 2.92 219 1.64 1.72 2.71 
50 13.93 9.81 8.81 9.12 14.39 2.77 2.12 1.56 1.70 2.66 
100 13.93 9.69 8.72 8.92 13.97 277 2.09 1.55 1.66 2.59 
150 11.60 9.44 8.42 8.73 14.00 2.31 2.04 1.50 1.62 2.59 
200 11.38 9.02 8.13 8.16 12.43 2.26 1.95 1.44 1.52 2.30 
250 11.64 7.65 7.89 7.53 9.23 2.32 1.65 1.40 1.40 1.71 
300 11.20 7.77 7.16 6.87 8.31 2.23 1.68 1.27 1.28 1.54 
350 4.02 2.92 4.32 6.24 7.25 0.80 0.63 0.77 1.16 1.34 
400 3.89 2.82 3.87 2.50 2.66 0.77 0.61 0.69 0.46 0.49 
450 4.25 2.58 1.86 0.75 2.82 0.84 0.56 0.33 0.14 0.52 
500 1.34 1.14 2.01 1.54 2.37 0.27 0.25 0.36 0.29 0.44 
550 0.92 0.65 1.59 1.20 2.52 0.18 0.14 0.28 0.22 0.47 
600 0.75 0.89 2.01 1.36 0.40 0.15 0.19 0.36 0.25 0.07 
Appendx6 Thermd demag^sdicnof NRMIncoreF'u^ of Cae21R. 




T CO 30?-A 30R-B 30R-C 30R-D 30R-E 30R-A 30R-B 30R-C 30R-D 30R-E 
20 11.39 3.20 1.91 16.85 24.90 1.79 0.51 0.32 3.42 4.71 
50 10.94 3.35 1.92 16.76 24.81 1.72 054 033 3.40 4.69 
100 10.89 3.10 2.03 16.48 24.07 1.71 0.50 0.35 3.35 4.55 
150 9.65 2.86 1.56 15.60 23.96 1.52 0.46 027 3.17 4.53 
200 9.19 2.53 1.61 13.00 21.16 1.44 0.40 027 2.64 4.00 
250 6.18 2.24 1.14 14.75 21.20 097 0.36 019 3.00 4.01 
300 6.19 2.20 0.97 10.88 14.49 097 0.35 0.17 2.21 2.74 
350 2.93 1.30 0.84 10.40 14.28 0.46 0.21 014 2.11 2.70 
400 2.87 1.19 0.94 4.57 5.45 0.45 019 016 093 1.03 
450 2.74 082 1.31 3.15 3.19 0.43 0.13 0.22 0.64 0.60 
500 1.10 0.77 0.97 2.55 2.95 0.17 0.12 0.17 0.52 0.56 
550 0.65 0.36 0.91 2.65 2.86 0.10 0.06 015 054 0.54 
600 0.87 0.36 086 071 030 0.14 O06 015 014 O06 
Appendx7 Thermd demagn^sdicnof NRMincae0u^ of Cae30R. 
The plug volumes a e s l i ^ y dfferent cixlho/ebeenconsideredinmeNRMCmAArO 
ont t^r i^hcndsida 
Low field volume susoepHblity (miaoS.I.) 
T CO 21R-A 21R-B 21R-C 21R-D 21R-E 30R-A 30R-B 30R-C 30R-D 30R-E 
20 - - - - - - - - - -
100 10 -1 -1 -2 -2.5 22.5 -1.9 -3.5 -2.2 2.2 
150 8 -3 -4.5 -4.2 -2 18 -4 -4 -2 4 
200 8.5 -4 1 -3.5 -2.5 20.5 -4 -4 -3 3.5 
250 11.5 -1 -2 -2 -2 19 -3.5 -5 -1 2 
300 8.5 -3 -2 -2.2 -1 17 -5.5 -5.5 -0.8 2 
350 5.3 -3 -2 -3 -2 13 -4.5 -3 -2 4 
400 6 -2 -1 -1.5 -2 12.5 -4 -2.2 -1.5 3.5 
450 6.5 -2 -1 11 66 12 -6 -6.7 -2 4 
500 37 22.5 3.2 11 74 18 -3.5 -5 -2 6 
550 22 14 21 83 45 15 -2 -3 0.5 5 
600 21 13 25 32 5 14 -4.5 -4 1 4 
ARDendxB SuscepHblity chcngedjrir^tt^rTKi demcg^sctfion. 
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IRM(mAATi) IRMCmAArO IRM(mAAh) 
Pulsed Pulsed Pulsed 
neld Field Field 
(mT) 28R-A 28R-C (mT) 28R-A 28R-C (mT) 28R-A 28R-C 
0 0.00 0.00 0 292.52 82.20 0 -308.44 -87.17 
5 14.70 1.63 -5 237.08 68.46 5 -237.08 -68.46 
10 20.80 2.17 -10 205.34 60.96 10 -205.34 -60.96 
20 43.30 5.76 -15 165.51 50.93 15 -165.51 -50.93 
30 75.80 15.91 -20 116.99 39.66 20 -116.99 -39.66 
40 113.50 25.13 -30 38.31 27.51 30 -38.31 -27.51 
50 147.00 34.68 -40 -25.88 7.64 40 25.88 -7.64 
60 175.60 41.31 -50 -70.83 -10.69 50 70.83 10.69 
70 196.60 47.75 ^ -107.59 -24.59 60 107.59 24.59 
80 210.80 52.24 -80 -153.67 -40.38 80 153.67 40.38 
90 224.40 55.87 -100 -178.67 -49.44 100 178.67 49.44 
100 239.60 58.02 -200 -252.95 -68.73 200 252.95 69.00 
120 24930 62.94 -400 -287.62 -78.00 400 287.62 78.00 
150 259.00 64.71 -600 -298.23 -82.04 600 298.23 82.04 
200 271.74 70.03 -800 -308.44 -87.17 800 308.44 87.17 
300 284.50 75.22 
400 287.09 77.53 
500 292.52 79.07 
600 292.52 80.32 
700 292.52 81.63 
800 292.52 82.20 
Appendx9 IRMaoqJsitionintv\ospednnens. 
R 2-4-2 27C2 
AF (mT) IRM ARM IRM ARM 
0 1 1 1 1 
3 0.6 0.32 0.7 0.5 
7 0.3 0.1 0.4 0.1 
10 0.15 0.06 0.25 0.03 
15 0.08 0.03 0.1 0.027 
20 0.05 0.02 0.06 0.018 
25 0.04 0.018 0.04 0.01 
30 0.02 0.01 0.03 
40 0.015 0.02 
Appendix 10 A comparison of stabilities of ARM and IRM in AF 
demagnetisation. 
IRM was produced in a pulsed field of 800 mT and ARM was 
produced in 0.1 mT direct field applied parallel to a decaying AF with 
peak amplitude of 100 mT. 
178 
17B2-A 17B2-B 
AF (mT) NRM(mAAn) Dec CO lnc(*0 NRM(mAM) Dec(^ lnc(*0 
0 2.60 349.1 71.1 3.45 48,6 80.0 
3 2.59 330.6 75.2 3.09 88.6 81.9 
5 2.06 328.7 80.9 2.54 79.8 83.0 
7 1.85 302.2 82.3 2.12 71.6 84.2 
10 1.23 55.0 81.4 1.59 312.6 83.9 
13 1.02 318.8 87.0 1.26 1.8 82.7 
17 0.65 287.6 78.8 0.96 355.7 78.0 
25 0.39 74.1 84.6 0.77 25.7 78.8 
40 0.35 308.4 64.1 0.57 10.2 60.5 
60 0.20 72.2 52.1 0.38 52.9 63.2 
26A1-A 26A1-B 
AF (mT) NRM(mAATi) Dec(^ lnc(*0 NRM(mA/Tn) Dec(^ lrx:(^ 
0 2.50 154.0 71.9 2.92 71.3 83.6 
3 2.62 346.9 77.9 2.53 300.6 83.5 
5 2.08 330.1 81.4 2.16 84.2 82.9 
7 1.77 302.4 83.6 1.84 277.6 82.9 
10 1.37 306.2 81.6 1.48 307.0 82.5 
13 1.02 285.9 85.9 1.15 334.2 81.9 
17 0.74 320.9 85.7 0.88 330.8 77.2 
25 0.54 320.7 82.4 0.53 346.6 66.0 
40 0.60 13.0 83.6 0.40 350.3 63.3 
60 0.50 57.0 73.2 0.26 322.4 67.7 
ApperKjxll AF dernog^scticyiof NRMinfoupluspfromtNAoPrudx^eBcv 
ccresecticns. 
T11A2-A T11A2-B 
T (**0 NRM(mAATD Oecn lrx:(^ NRM(mAATD Dec(*0 lnc(^ 
25 2.40 47.8 82.2 2.35 14.4 82.6 
50 1.96 33.0 63.9 2.40 13.1 74.5 
100 1.86 27.6 74.9 2.26 22.6 78.4 
150 1.71 19.7 75.4 2.12 20.1 78.1 
200 1.37 34.0 78.3 1.66 15.1 78.0 
250 0.72 50.8 76.0 0.84 46.9 67.6 
300 0.71 61.8 63.0 1.05 47.1 62.6 
350 0.64 56.7 70.8 0.66 57.3 59.7 
400 0.46 292.3 44.6 0.28 106.0 35.8 
500 0.38 204.0 -49.7 
Appendx 12 Therrrnd demcg^sdicx^of NRMint \AOplu^ fromtlTePrudXDeBcv 
caeSedicnTllA2. 
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S usoepfiblity (miao S.I.) 
T CO TR2-4A-A 3A2-A 25A2-A T11A2-A 
20 97.50 78.90 100.70 12.00 
50 101.11 81.21 91.55 13.09 
100 102.56 82.95 86.97 10.91 
150 105.44 84.19 100.70 11.78 
200 105.16 84.08 105.28 11.78 
250 105.88 84.77 114.43 11.89 
300 111.22 90.31 109.85 0.00 
350 118.30 105.44 119.01 12.00 
400 119.60 114.10 132.74 12.11 
450 127.54 261.31 549.27 21.82 
500 1011.11 315.26 561.60 
Appendix 13 Changes in low field susceptibility of four surface plugs 
from Prudhoe Bay bore cores during thermal heating. 
Sub-oae ooadncies Cae ooadrxtes 
Plug NRMCmAAn) DecC) lrx:n D e c n Irx^O 
R1-5-A 1.03 179.0 13.1 184.3 76.9 
R1-5-B 1.62 186.7 -0.5 83.3 85.7 
R2-4-A 1.07 184.3 14.1 163.4 75.3 
R2-4-B 1.13 181.5 9.8 171.4 80.1 
R3-2-A 1.21 180.0 14.4 180.0 75.6 
R3-2-B 1.32 182.0 5.4 159.7 84.2 
IOC-A 0.66 169.6 13.6 216.7 72.9 
lOC-B 0.73 175.3 5.0 223.1 83.1 
l lA-A 0.44 177.6 11.1 192.0 78.6 
l lA-B 0.43 188.1 -1.9 76.8 81.7 
13B-A 0.41 176.6 7.2 205.1 82.0 
13B-B 0.46 178.2 -1.8 315.0 87.5 
17A-A 0.63 179.5 11.5 182.5 78.5 
17A-B 0.64 172.5 -4.8 302.8 81.1 
25A-A 0.84 183.0 15.2 169,1 74.5 
25A-B 0.88 179.5 6.1 184.7 85.9 
26A-A 0.53 178.6 8.4 189.4 81.5 
26A-B 0.56 183.2 1.5 115.1 86.5 
27C-A 1.20 177.1 14.2 191.3 75.5 
27C-B 1.34 181.0 1.4 1445 88.3 
Acperxjx 14 Ir^tid NRMinPruchceBo/baeoores. 
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IRM(nnAATT) Susoeptitilily (o iaoS. I . ) 
T C O 207-0-2 231-1-2 234-1-2 207-0-2 231-1-2 234-1-2 
20 205.37 1201.77 853.25 110.60 460.10 391,60 
50 196.42 1195.91 845.28 110.90 457.88 385.38 
100 209.43 1195.91 869.20 110.46 458.22 386.64 
150 205.37 1195.91 869.20 110.31 458.55 390.04 
200 193.98 1149.01 837.30 107.24 458.85 382.11 
300 213.50 1143.15 829.33 107.68 459.77 377.83 
400 198.66 1172.46 837.30 105.92 457.42 372.03 
500 219.60 1181.25 845.28 83.39 456.41 379.34 
550 202.93 1128.49 821.35 82.95 446.30 381.73 
600 171.41 1166.60 837.30 75.05 439.02 371.53 
650 159.21 1204.70 653.10 84.27 419.11 354.66 
680 116.92 1119.70 571.76 76.51 408.16 395.70 
700 13.01 24.91 50.08 78.12 606.45 2154.65 
720 6.71 36.64 110.84 80.76 665.43 3296.31 
Appendx 15 Therrrri demcgr^sciicncif IRMinttveeSdlcfieldspedmens. 
ThelRMvxs cDcMredin800nnT pJsedfielcl 
231C 231E 
(mT^NRMCrrWhrD D e c O I n c O NRM(mAAn) DecC) I n c O 
0 38.20 100.5 68.1 40.20 98.2 66.2 
3 36.60 111.0 68.8 38.65 106.9 67.2 
5 35.20 103.6 67.2 37.11 99.8 65.5 
10 32.40 107.5 68.3 34.29 103.5 66.9 
15 28.90 110.6 68.4 30.38 106.6 66.7 
20 22.40 101.1 67.0 23.37 99.2 64.3 
30 11.40 99.9 68.9 14.01 99.9 65.9 
50 6.30 105.7 76.6 6.70 116.4 70.6 
70 0.47 149.5 57.0 1.11 71.3 50.0 
232C 232E 
(mT)NRM(mAATi) D e c O I n c O NRM<nnAAni) D e c O I n c O 
0 124.14 321.0 -28.2 119.13 314.6 -27.1 
3 131.50 324.7 -28.7 119.13 315.7 -27.9 
5 109.41 315.4 -27.8 140.90 322.7 -29.6 
10 109.41 316.6 -29.3 140.90 323.5 -30.6 
15 105.20 316.8 -29.3 136.32 324.1 -30.7 
20 86.79 315.4 -30.1 114.09 320.1 -31.6 
30 72.38 315.0 -29.7 94.74 322.5 -31.9 
50 35.14 309.6 -32.3 43.64 316.2 -36.4 
70 13.36 275.7 -41.9 16.50 304.4 -48.6 
234C 234E 
(mT)NRM(rTV\An) D e c O I n c O NRMCnoAArD D e c O I n c O 
0 111.20 178.0 -39.2 110.00 175.7 -38.7 
3 111.20 179.5 -36.8 111.00 177.5 -36.9 
5 107.19 178.8 -38.7 107.00 176.2 -38.1 
10 110.20 178.5 -37.9 109.00 176.8 -37.7 
15 109.20 178.5 -37.9 107.00 176.7 -37.8 
20 104.19 178.8 -39.4 101.00 175.8 -39.2 
30 89.86 178.4 -39.0 87.50 176.2 -38.3 
50 51.29 178.9 -38.8 49.80 174.6 -37.4 
70 21.04 176.7 -39.0 20.40 177.5 -35.8 
... Continued on next pcga 
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238C 238E 
(mT)NRM(nnAATO D e c O I n c O NRMCmAAn) D e c O I n c O 
0 46.04 278.6 -15.3 35.75 290.2 -1.7 
3 42.67 288.1 -28.4 48.66 297.6 -48.4 
5 45.42 288.0 -34.3 52.60 297.3 -51.4 
10 54.90 296.6 -43.6 63.60 302.7 -54.3 
15 55.40 301.0 -46.5 62.76 304.6 -54.5 
20 53.40 299.6 -44.4 59.30 302.2 -51.2 
30 43.92 302.0 -45.5 48.06 303.0 -52.1 
50 21.34 307.2 -49.7 25.70 311.1 -51.6 
70 10.59 302.8 -58.2 13.63 317.7 -55.2 
Acpendx 16 AF derrKgTeHscflonc* N R M i n e i ^ s p e d r r ^ f romfouSel 
oore sections 
z=8 z=7.9 
r B a Bsr Bjr Br r B a Bsr Bjr Br 
0.2 1.46E-07 -0.00628 -4.77E-04 -0.00676 0.2 -0.00132 -0.00639 -4.69E-04 -0.0082 
0.4 2.91 E-07 -0.01472 -0.00101 -0.01573 0.4 -0.00347 -0.01476 -9.87E-04 -0.0192 
0.6 4.36E-07 -0.03089 -0.00169 -0.03258 0.6 -0.00912 •0.02925 -0.00163 -0.04 
0.7 5.09E-07 -0.04862 -0.00217 -0.05079 0.7 -0.01695 -0.04187 -0.00212 -0.0609 
0.8 5.80E-07 -0.09196 -0.00289 -0.09485 0.8 -0,03788 -0.05858 -0.0026 -0.0991 
0.85 616E-07 -0.15759 -0.00349 -0.16108 0.85 -0.06024 -0.06251 -0.00287 -0.1256 
0.89 6.45E-07 -0.36165 -0.00431 -0.36596 0.89 -0.08388 -0.05284 -0.00313 -0.1399 
z=7.8 z=7.5 
r B a Bsr Bjr Br r B a Bsr Bjr Br 
0.2 -0.00242 -0.00592 -4.45E-04 -0.00879 0 2 -0.00349 -0.00307 -3.24E-04 -0.0069 
0.4 -0.00612 -0.01304 -9.26E-04 -0.02009 0.4 -0.00763 -0.00564 -6.43E-04 -0.0139 
0.6 -0.01429 -0.02249 -0.00148 -0.03826 0 6 -0.01273 -0.00636 -9.35E-04 -0.02 
0.7 -0.02282 -0.0271 -0.0018 -0.05172 0.7 -0.01535 -0.00533 -0.00105 -0.0217 
0.8 -0.03666 -0.02574 -0.00212 -0.06452 0.8 -0.01846 -0.0028 -0.00114 -0.0224 
0.85 -0.04478 -0.02499 -0.00222 -0.07199 0.85 -0.01811 -0.00296 -0.00117 •0.0222 
0.89 -0.05019 -0.01444 -0.00232 -0.06695 0.89 -0.01838 000764 -0.00119 -0.0119 
z= =7 z=6 
r B a Bsr Bjr Br r B a Bsr Bjr Br 
0.2 -0.00191 -5.48E-04 -1.51E-04 -0.00261 0 2 -3.57E-04 -1.77E-04 -3.65E-05 -0.0006 
0.4 -0.00369 -9.13E-04 -2.90E-04 -0.00489 0.4 -6.85E-04 -3.97E-04 -7.10E-O5 -0.0012 
0.6 -0.00516 -9.16E-04 -4.04E-04 -0.00648 0.6 -9.59E-04 -6.12E-04 -1.02E-O4 -0.0017 
0.7 -0.00569 -4.78E-04 -4.50E-04 -0.00662 0 7 -0.00107 -5.91 E-04 -1.15E-04 -0.0018 
0.8 -0.00604 -2.77E-04 -4.84E-04 -0.0068 0 8 -0.00116 -7.50E-O4 -1.27E-04 -0.002 
0.85 -0.00614 -0.00166 -0.0005 -0.0083 0 8 5 -0.00119 -1.43E-05 -0.00013 -0.0013 
0.89 -0.00619 -0.00185 -5.08E-04 -0.00855 0 8 9 -0.00123 -0.04472 -1.36E-04 -0.0461 
z=0 
r B a Bsr Bjr Br 
0.2 0 690E-08 -7.00E-10 683E-08 
0.4 0 - l . lOE-06 6.41 E-08 - lE -06 
0.6 0 4.28E-07 6.41 E-08 4.92E-07 
0.7 0 2.27E-06 6.41 E-08 2.34E-06 
0.8 0 1.18E-05 6.48E-08 1.19E-05 
0.85 0 5.63E-05 1.31E-08 5.63E-05 
0.89 0 -3.38E-04 -3.86E-08 -0.00034 
Appendix 17 Calculated radial magnetic field variation (Br=4B'r/Mz{0)Mo=Ber+ Bsr+Bjr) as 
a function of radius (r) and axial position (z). 
182 
The barrel length and inner radius, both being normalised to the outer radius are 16 and 
0.9 respectively. Ber, Bsr and Bjr are fields due to end surface, side surface and volume 
currents. Br is the total axial field. 
z= 8 z= 7.9 
r Bez Bsz Biz Bz r Bez Bsz Bjz Bz 
0.2 0.0389 0.0243 -0.00485 0.0584 0.2 0.0381 0.0176 -0.00615 0.04955 
0.4 0.0436 0.0257 -0.0047 0.0646 0.4 0.04233 0.01673 -0.00621 0.05285 
0.6 0.0559 0.0288 -0.0047 0.08 0.6 0.05231 0.01173 -0.00621 0.05783 
0.7 0.0701 0.0316 -0.0047 0.097 0.7 0.06173 0.00289 -0.00621 0.05841 
0.8 0.1046 0.0364 -0.0047 0.1363 0.8 0.07439 -0.02331 -0.00621 0.04487 
0.85 0.1525 0.0399 -0.0047 0.1877 0.85 0.07615 -0.07591 -0.00621 -0.00597 
0.89 0.305 0.0373 -0.00455 0.3378 0.89 0.06559 -0.11749 -0.00627 -0.05817 
z=7.8 7.5 
r Bez Bsz Biz Bz r Bez Bsz Bjz Bz 
0.2 0.0361 0.01112 -0.00529 0.0419 0.2 0.0259 -0.0025 -0.0065 0.0169 
0.4 0.039 0.00844 -0.00609 0.0414 0.4 0.02532 -0.00547 -0.00703 0.012825 
0.6 0.0443 0.00027 -0.00609 0.0384 0.6 0.02302 -0.01043 -0.00703 0.005565 
0.7 0.0467 -0.0104 -0.00609 0.0302 0.7 0.02055 -0.01341 -0.00703 0.000115 
0.8 0.0446 -0.0335 -0.00609 0.005 0.8 0.01691 -0.01662 -0.00703 -0.00674 
0.85 0.039 -0.0547 -0.00609 -0.022 0.85 0.01469 -0.04131 -0.00703 -0.03365 
0.89 0.0313 -0.0867 -0.00689 -0.062 0.89 0.01281 -0.08079 -0.00755 -0.07553 
z= =7 z=6 
r Bez Bsz Bjz Bz r Bez Bsz Bjz Bz 
0.2 0.0119 -0.0098 -0.00766 -0.006 0.2 0.00292 -0.01197 -0.00879 -0.01784 
0.4 0.011 -0.0104 -0.00783 -0.007 0.4 0.00276 -0.01189 -0.00872 -0.01785 
0.6 0.0094 -0.0107 -0.00783 -0.009 0.6 0.00251 -0.01201 -0.00872 -0.01822 
0.7 0.0083 -0.0111 -0.00783 -0.011 0.7 0.00236 -0.0119 -0.00872 -0.01826 
0.8 0.0072 -0.0109 -0.00783 -0.012 0.8 0.00219 -0-01209 -0.00872 -0.01862 
0.85 0.0066 -0.0278 -0.00783 -0.029 0.85 0.00212 -0.02775 -0.00872 -0.03435 
0.89 0.0062 -0.0752 -0.008 -0.077 0.89 0.00204 -0.05188 -0.00865 -0.05849 
z=0 
r Bez Bsz Bjz Bz 
0.2 0.0001 -0.0178 -0.00857 -0.026 
0.4 0.0001 -0.0178 -0.00871 -0.026 
0.6 0.0001 -0.0178 -0.00871 -0.026 
0.7 0.0001 -0.0178 -0.00871 -0.026 
0.8 0.0001 -0.0179 -0.00871 -0.026 
0.85 0.0001 -0.0186 -0.00871 -0.027 
0.89 0.0001 -0.0684 -0.00885 -0.077 
Appendix 18 Calculated axiall magnetic field variation (Bz=4B'z/Mz(0)uo=Bez+ Bsz+Bjz) as 
a function of radius (r) and axial position (z). 
The barrel lengh and inner radius, both being normalised to the outer radius, are 16 and 
0.9 respectively. Bez. Bsz and Bjz are fields due to end surafce. side surface and volume 






Number Number c 
of shocks PrIatoAF After AF shocks PrIa toAF Afta AF 
0 -4.5 -4.5 0 -5 -5 
50 -2.7 -3.4 5 -3.5 -4 
100 -2.1 -3 10 -3.2 -4 
200 -1.5 -2.2 20 -3 -4 
300 -1.1 -1.8 70 -2.7 -3.5 
400 -1 -1.74 174 -2.3 -3 
500 -0.95 -1.73 374 -2.15 -2.47 
600 -0.86 -1.7 574 -2.1 -2.46 
700 -0.85 -1.66 774 -2.1 -2,45 
800 -0.84 -1.63 974 -2,09 -2.44 
900 -0.834 -1.63 1174 -2.08 -2.43 
1000 -0.83 -1.62 1374 -2.07 -2.42 
28R-S 49R-S 
kCmlaoS.I.) kCmlaoS.I.) 
Number Number c 
of shocks Pria toAF After AF shocks PrIatoAF After AF 
0 -2.5 -2.5 0 -0.8 -0.8 
30 -1.02 -1.9 6 -0.3 -0.6 
100 1.58 -0.6 13 -0.1 -0.4 
200 2.7 1 55 0.5 0 
300 3.1 1.9 100 1 0.4 
500 3.15 2.2 200 1.6 1 
700 3.17 2.21 300 2 1.3 
800 3.25 2.26 400 2.1 1.5 
900 3.26 2.27 510 2.1 1.52 
1100 3.27 2.28 610 2.13 1.53 
710 2.15 1.535 
810 2.16 1.54 
1000 2.17 1.55 
Appendix 19 Low field susceptibility change as a function of the number 
shocks for four North Sea specimens. 
The momentum (1) of the falling ball was 0.57 kg.m/s. 
ns-s 15B-S 
IRM(mA^rt) IRM(mAATi) 
Number Number c 
of shocks PrIa toAF After AF shocks PrIatoAF After AF 
0 0.31 0.31 0 0.861 0.861 
50 0.37 0.33 20 0.945 0.87 
100 0.43 0.34 70 1.05 0.88 
200 0.51 0.37 174 1.203 0.903 
300 0.54 0.38 374 1.292 0.992 
400 0.54 0.39 574 1.338 1.018 
500 0.57 0.42 774 1.38 1.08 
600 0.58 0.42 974 1.436 1.146 
700 0.59 0.42 1174 1.439 1.129 
800 0.59 0.44 1374 1.453 1.133 
900 0.60 0.45 
1000 0.60 0.45 
... Continued on next pcge. 
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28R-S 49R-S 
Number Number c 
of shocks PriCT toAF After AF shocks P r i a t o A F After AF 
0 2.40 2.40 0 1.13 1.13 
30 2.50 2.41 55 1.35 1.2 
100 2.76 2.42 100 1.5 1.273 
200 2.94 2.47 200 1.64 1.3 
300 3.07 2.52 300 1.748 1.368 
500 3.10 2.56 400 1.822 1.412 
700 3.20 2.65 510 1.878 1.498 
900 3.25 2.71 610 1.94 1.55 
1100 3.26 2.71 710 1.98 1.57 
1300 3.27 2.72 810 2.03 1.59 
1000 2.02 1.6 
Appendix 20 Shock imposed change in the capacity of acquiring IRM 
in 10 mT for four North Sea specimens. 
The momentum (I) of the falling ball was 0.57 kg.nVs. 
I IB -S 
IRM(mAAT>) 
Field Number 0 200 300 400 500 600 700 800 900 
(mT)\ of shock; 
5 0.13 0.15 0.16 0.16 0.17 0.19 0.20 0.22 0.22 
10 0.27 0.37 0.38 0.39 0.42 0.42 0.42 0.44 0.45 
20 0.74 0.92 0.95 0.96 1.05 1.06 1.07 1.24 1.25 
30 1.75 2.18 2.24 2.35 2.46 2.57 2.65 2.86 2.97 
40 3.22 3.59 3.75 3.88 4.12 4.35 4.49 4.53 4.55 
50 4.30 4.93 5.21 5.53 5.94 6.25 6.47 6.50 6.60 
60 5.20 6.03 6.43 6.74 7.21 7.59 7.89 7.95 7.97 
70 6.00 6.97 7.51 7.91 8.49 8.84 9.30 9.60 9.70 
80 6.50 7.76 8.33 8.83 9.50 10.03 10.60 10.90 11.00 
90 7.10 8.37 8.97 9.66 10.30 10.93 11.60 11.80 11.90 
100 7.60 8.93 9.60 10.29 10.99 11.60 12.20 12.50 12.60 
15B-S 
IRMCmAArO 
Field Number 5 174 374 574 774 974 1174 1374 
(mT)\ of shock; 
5 0.46 0.43 0.44 0.57 0.57 0.57 0.56 0.56 
10 0.86 0.90 0.99 1.02 1.08 1.15 1.13 1.13 
20 1.96 2.11 2.26 2.37 2.33 2.52 2.55 2.56 
30 4.48 4.68 5.04 5.17 5.27 5.60 5.63 5.63 
40 7.00 7.27 7.82 8.02 8.35 8.84 8.87 8.90 
50 9.33 9.66 10.47 10.93 11.26 12.01 11.98 12.01 
60 10.61 11.39 12.27 12.73 13.32 14.40 14.40 14.43 
70 12.11 12.80 13.78 14.63 15.25 16.30 16.33 16.37 
80 13.42 14.04 15.32 16.17 16.96 18.10 18.00 18.04 
90 14.07 15.02 16.40 17.35 18.04 19.15 18.98 18.98 




Field Number 0 100 300 500 700 900 1100 1300 
(mT)\ of shock! 
5 1.30 1.57 1.60 1.73 1.74 1.76 1.76 1.76 
10 2.40 2.42 2.52 2.56 2.65 2.71 2.71 2.72 
20 5.76 5.93 6.20 6.33 6.38 6.58 6.60 6.70 
30 15.91 15.96 16.38 16.62 16.83 17.26 17.38 17.40 
40 25.13 25.45 26-17 26.50 27.07 27.79 27.96 28.00 
50 34.68 35.09 36.19 36.97 37.70 38.76 39.40 39.60 
60 41.31 41.82 43.11 43.88 44.94 45.90 46.70 46.80 
70 47.75 48.77 50.29 51.54 52.74 54.14 55.00 55.20 
80 52.24 53.31 55.15 56.49 57.95 59.64 60.50 60.60 
90 55.87 56.89 58.87 60.51 61.84 63.58 64.50 64.60 
100 58.02 59.08 61.19 62.89 64.47 66.20 67.40 67.60 
49R -S 
IRM(mAAn) 
Field Number 0 150 300 400 500 600 700 800 900 1000 
(m"0\ of shock* 
5 0.59 0.57 O60 0 7 3 0.74 0 7 6 0.76 0.78 0 7 9 0.80 
10 1.13 1.27 1.37 1.41 1.50 1.55 1.57 1.59 1.63 1.65 
20 2.70 3.03 3.20 3.33 3.38 3.58 3.60 3.79 3.80 3.82 
30 6.23 6.86 7.28 7.52 7.73 8.16 8.28 8.50 8.60 8.62 
40 1023 10.85 11.57 11.90 12.47 13.19 13.36 13.60 13.70 13.80 
50 13.63 14.59 15.69 16.47 17.20 18.26 18.90 19.20 19.50 19.90 
60 15.81 17.42 18.71 19.48 20.54 21.50 22.30 23.00 23.30 23.50 
70 18.11 19.77 21.29 22.54 23.74 25.14 26.00 26.90 27.00 27.10 
80 19.92 21.81 23.65 24.99 26.45 28.14 29.00 30.00 30.20 30.50 
90 21.17 23.39 25.37 27.01 28.34 30.08 31.00 32.00 32.20 32.30 
100 22.33 24.68 26.79 28.49 30.07 31.80 33.00 34.00 34.10 34.30 
Appendix 21 IRM acquired versus the number of shocks for a series of applied fields for four 
North S e a specimens. 






of shocks P r i a t o A F After AF P r i a t o A F After AF P r i a t o A F After AF 
0 13.1 13.1 11.1 11.1 12.1 12.1 
3 13.3 13.1 11.3 11.1 12.3 12.1 
5 13.4 13.2 11.4 11.2 12.4 12.2 
10 13.5 13.2 11.5 11.2 12.5 12.2 
15 13.7 13.2 11.8 11.2 12.7 12.2 
20 13.8 13.2 11.8 11.2 12.8 12.2 
30 13.8 13.2 11.8 11.2 12.8 12.2 
50 13.8 13.2 11.8 11.2 12.8 12.2 
100 13.8 13.2 11.8 11.2 12.8 12.2 
150 13.8 13.2 11.8 11.2 12.8 12.2 
200 13.8 13.2 11.8 11.2 12.8 12.2 
Appendx22 ShodclrnpcsedchoTgeintheocpaatycfaxiJ i r inglRMinlOmT f a 
ttvee Pruchoe B o / spedmens. 
T he momentum (I) of ttiefdling bdl v\<s 0.57 kgmyfe. 
IRMCmAAn) 
Field Numbei 0 340 540 740 940 1140 1340 1540 1740 1940 2140 
(mT)\ of 
shocks 
5 0.50 0.69 0.67 0.70 0.85 0.86 0.98 1.07 1.10 1,02 1.14 
10 1.08 1.18 1.23 1.29 1.42 1.38 1.54 1.65 1.72 1.51 1.78 
20 2.39 2.46 2.67 2.81 2.89 2.81 3.16 3.27 3.34 3.31 3.47 
30 5.37 5.56 5.76 5.99 6.25 6.32 6.87 7.33 7.46 7.59 7.82 
40 8.41 8.80 9.30 9.56 9.95 10.25 11.19 11.62 11.85 12.70 12.83 
50 11.42 12.27 12.67 13.29 14.24 14.60 15.74 16.37 16.73 18.20 18.53 
60 13.75 14.73 15.61 16.17 17.32 17.90 18.95 20.10 19.74 22.22 22.81 
70 15.81 17.02 18.04 18.79 19.90 20.95 22.36 23.63 23.93 26.09 26.84 
80 17.51 18.69 19.93 21.05 22.36 23.60 25.17 26.71 27.04 29.46 30.44 
90 18.92 20.33 21.86 22.88 24.58 25.63 27.46 29.03 29.49 32.27 32.40 
100 19.84 21.60 22.98 24.22 26.05 27.23 29.03 30.93 31.36 33.39 34.70 
Appendix 23 IRM acquired versus the number of shocks for a series of applied fields for 
Specimen 15B-S. 
The momentum (I) of the falling ball was 1.12 kg.m/s and the specimen had been 
shocked with 1=0.57 kg.m/s prviously. 
187 
Ncrnnd pdaity intervd Reversed pdaity intervd 
Bound:7ies Intervd Boundaies Intervd 
0 0.72 0.72 0.72 0.91 0.19 
0.91 0.97 0.06 0.97 1.65 o.<^ 
1.65 1.88 0.23 1.88 2.06 0.18 
2.06 2.09 0.03 2.09 2.45 0.36 
2.45 2.91 0.46 2.91 2.98 0.07 
2.98 3.07 0.09 3.07 3.17 0.1 
3.17 3.4 0.23 3.4 3,87 0.47 
3.87 3.99 0.12 3.99 4.12 0.13 
4.12 4.26 0.14 4.26 4.41 0.15 
4.41 4.48 0.07 4.48 4.79 0.31 
4.79 5.08 0.29 5.08 5.69 0.61 
5.69 5.96 0.27 5.96 6.04 0.08 
6.04 6.33 0.29 6.33 6.66 0.33 
6.66 6.79 0.13 6.79 7.01 0.22 
7.01 7.1 0.09 7.1 7.17 0.07 
7.17 7.56 0.39 7.56 7.62 0.06 
7.62 7.66 0.04 7.66 8.02 0.36 
8.02 8.29 0.27 8.29 8.48 0.19 
8.48 8.54 0.06 8.54 8.78 0.24 
8.78 8.83 0.05 8.83 8.91 0.08 
8.91 9.09 0.18 9.09 9.14 0.05 
9.14 9.48 0.34 9.48 9.49 0.01 
9.49 9.8 0.31 9.8 9.83 0.03 
9.83 10.13 0.3 10.13 10.15 0.02 
10,15 10.43 0.28 10.43 10.57 0.14 
10.57 10.63 0.06 10.63 11.11 0.48 
11.11 11.18 0,07 11.18 11.71 0.53 
11.71 11.9 0.19 11.9 12.05 0.15 
12.05 12.34 0.29 12.34 12.68 0.34 
12.68 12.71 0.03 12.71 12.79 0.08 
12.79 12.84 0.05 12.84 13.04 0.2 
13.04 13.21 0.17 13.21 13.4 0.19 
13.4 13.64 0.24 13.64 13.87 0.23 
13.87 14.24 0.37 14.24 14.35 0.11 
14.35 14.79 0.44 14.79 14.98 0.19 
14.98 15.07 0.09 15.07 15.23 0.16 
15.23 15.35 0.12 15.35 16.27 0.92 
16.27 16.55 0.28 16.55 16.59 0.04 
16.59 16.75 0.16 16.75 16.82 0.07 
16.82 16.99 0.17 16.99 17.55 0.56 
17.55 17.87 0.32 17.87 18.07 0.2 
18.07 18.09 0.02 18.09 18.5 0.41 
18.5 19 0.5 19 19.26 0.26 
19.26 20.23 0.97 20.23 20.52 0.29 
20.52 20.74 0.22 20.74 20.97 0.23 
20.97 21.37 0.4 21.37 21.6 0.23 
21.6 21.75 0.15 21.75 21.93 0.18 
21.93 22.03 0.1 22.03 22.23 0.2 
22.23 22.6 0.37 22.6 22.9 0.3 
Continued cn next page. 
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22.9 23.05 0.15 23.05 23.25 0.2 
23.25 23.38 0.13 23.38 23.62 0.24 
23,62 23.78 0.16 23.78 25.01 1.23 
25.01 25.11 0.1 25.11 25.17 0.06 
25.17 25.45 0.28 25.45 25.84 0.39 
25.84 26,01 0.17 26.01 26.29 0.28 
26.29 26.37 0.08 26.37 26.44 0.07 
26.44 27.13 0.69 27.13 27.52 0.39 
27.52 28.07 0.55 28.07 28.12 0.05 
28.12 28.51 0.39 28.51 29 0.49 
29 29.29 0.29 29.29 29.35 0.06 
29.35 29.58 0.23 29.58 30.42 0.84 
30.42 30.77 0.35 30.77 30.82 0.05 
30.82 31.21 0.39 31.21 31.6 0.39 
31.6 32.01 0.41 32.01 34.26 2.25 
34.26 34.44 0.18 34.44 34.5 0.06 
34.5 34.82 0.32 34.82 36.12 1.3 
36.12 36.32 0.2 36,32 36.35 0.03 
36.35 36.54 0.19 36.54 36.93 0.39 
36.93 37.16 0.23 37.16 37.31 0.15 
37.31 37.58 0.27 37.58 37.63 0.05 
37.63 38.01 0.38 38.01 38.28 0.27 
38.28 39.13 0.85 39.13 39.2 0.07 
39.2 39.39 0.19 39.39 39.45 0.06 
39.45 39.77 0.32 39.77 39.94 0.17 
39.94 40.36 0.42 40.36 40.43 0.07 
40.43 40.83 0.4 40.83 40.9 0.07 
40.9 41.31 0.41 41.31 42.14 0.83 
42.14 42.57 0.43 42.57 43.13 0.56 
43.13 44.57 1.44 44.57 47.01 2.44 
47.01 48.51 1.5 48.51 50.03 1.52 
50.03 50.66 0.63 50.66 51.85 1.19 
51.85 52.08 0.23 52.08 52.13 0.05 
52.13 52.83 0.7 52.83 53.15 0.32 
53.15 53.2 0.05 53.2 53.39 0.19 
53.39 53.69 0.3 53.69 54.05 0.36 
54.05 54.65 0.6 54.65 57.19 2.54 
57.19 57.8 0.61 57.8 58.78 0.98 
58.78 59.33 0.55 59.33 61.65 2.32 
61.65 62.17 0.52 62.17 62.94 0.77 
62.94 63.78 0.84 63.78 64.16 0.38 
64.16 64.85 0.69 64.85 65.43 0.58 
65.43 67.14 1.71 67.14 67.23 0.09 
67.23 68.13 0.9 68.13 70.14 2.01 
70.14 70.42 0.28 70.42 70.69 0.27 
70.69 72.35 1.66 72.35 72.77 0.42 
72.77 72.82 0.05 72.82 73.12 0.3 
73.12 79.09 5.97 79.09 83 3.91 
83 124.32 41.32 124.32 124.88 0.56 
124.88 127.35 2.47 127.35 127.7 0.35 
127.7 128.32 0.62 128.32 130.17 1.85 
130.17 131.05 0.88 131.05 131.51 0.46 
131.51 131.64 0.13 131.64 131.74 0.1 
Continued on next pag& 
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131.74 131.89 0.15 131.89 132.25 0.36 
132.25 132.53 0.28 132.53 132.75 0.22 
132.75 132.99 0.24 132.99 133.41 0.42 
133.41 133.72 0.31 133.72 134.01 0.29 
134.01 134.31 0.3 134.31 134.36 0.05 
134.36 134.65 0.29 134.65 134.67 0.02 
134.67 134.94 0.27 134.94 135.17 0.23 
135.17 135.87 0.7 135.87 136.27 0.4 
136.27 136.31 0.04 136.31 136.64 0.33 
136.64 137.3 0.66 137.3 137.37 0.07 
137.37 137.63 0.26 137.63 138.28 0.65 
138.28 138.36 0.08 138.36 138.53 0.17 
138.53 138.82 0.29 138.82 138.92 0.1 
138.92 139.14 0.22 139.14 139.5 0.36 
139.5 139.73 0.23 139.73 140.46 0.73 
140.46 141.02 0.56 141.02 141.47 0.45 
141.47 142.76 1.29 142.76 143.28 0.52 
143.28 143.61 0.33 143.61 144.8 1.19 
144.8 145.25 0.45 145.25 145.58 0.33 
145.58 145.69 0.11 145.69 145.75 0.06 
145.75 146.56 0.81 146.56 146.93 0.37 
146.93 147.17 0.24 147.17 147.22 0.05 
147.22 147.75 0.53 147.75 148.43 0.68 
148.43 149.3 0.87 149.3 149.67 0.37 
149.67 150.92 1.25 150.92 150.96 0.04 
150.96 151 0.04 151 151.04 0.04 
151.04 151.1 0.06 151.1 151.77 0.67 
151.77 151.87 0.1 151.87 152.01 0.14 
152.01 152.31 0.3 152.31 152.53 0.22 
152.53 152.56 0.03 152.56 153.06 0.5 
153.06 153.32 0.26 153.32 153.61 0.29 
153.61 153.64 0.03 153.64 153.8 0.16 
153.8 153.9 0.1 153.9 154.11 0.21 
154.11 154.4 0.29 154.4 154.53 0.13 
154.53 154.76 0.23 154.76 154.96 0.2 
154.96 155.08 0.12 155.08 155.15 0.07 
155.15 155.23 0.08 155.23 155.29 0.06 
155.29 155.4 0.11 155.4 155.48 0.08 
155.48 155.56 0.08 155.56 155.62 0.06 
155.62 155.69 0.07 155.69 155.74 0.05 
155.74 155.81 0.07 155.81 155.85 0.04 
155.85 156 0.15 156 156.12 0.12 
156.12 156.28 0.16 156.28 156.41 0.13 
156.41 156.64 0.23 156.64 156.81 0.17 
156.81 157.55 0.74 157.55 157.98 0.43 
157.98 
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THE MEASUREMENT AND MODELLING OP THE PORE-LEVEL NETWORK 
PROPERTIES OF SANDSTONES. 
by 
MICHAEL CARLOS SPEARING 
An a p p a r a t u s has been designed, based on a gas chromato-
g r a p h i c method, t o measure t h e d i f f u s i o n c o e f f i c i e n t s o f 
methane, i s o - b u t a n e and n-butane t h r o u g h d r y and w a t e r 
s a t u r a t e d s a n d s t o n e s . Two s a n d s t o n e s have been u s e d , 
Clashac, a c l a y f r e e , w e l l s o r t e d o u t c r o p rock and Berea, 
a g a i n w e l l s o r t e d b u t c o n t a i n i n g a h i g h e r c l a y c o n t e n t . 
From the r e s u l t s , t h e dependence of d i f f u s i o n on a I/VM type 
term, where M i s t h e r e l a t i v e molar mass of the hydrocarbon, 
has been t e s t e d . The d i f f u s i o n o f iso- b u t a n e was found t o 
be anomalously h i g h i n d r y sandstones and t h a t o f methane, 
low i n water s a t u r a t e d sandstones. 
I n a d d i t i o n , a n o v e l computer model o f a sandstone was 
developed. W r i t t e n i n FORTRAN 77, i t c o n s i s t s of a 10x10x10 
network o f c u b i c pores and c y l i n d r i c a l t h r o a t s . The pore 
s i z e d i s t r i b u t i o n was estimated from t h e mercury po r o s i m e t r y 
p r i m a r y drainage curve o f t h e p a r t i c u l a r sandstone and t h e 
s i z e s were randomly d i s t r i b u t e d w i t h i n t h e network. The 
pore c o o r d i n a t i o n number i s a d j u s t a b l e between 1 and 6. The 
program s i m u l a t e s t h e e x p e r i m e n t a l p r i m a r y drainage curve 
and t h e s i m u l a t i o n i s i t e r a t e d u n t i l t h e s i m u l a t e d c u r v e 
c l o s e l y matches t h e ex p e r i m e n t a l curve, t h u s a s s u r i n g t h e 
model has t h e c o r r e c t pore s i z e d i s t r i b u t i o n . The program 
t h e n s i m u l a t e s t h e s u r f a c e area, p o r o s i t y , average pore 
c o n n e c t i v i t y and t o r t u o s i t y o f t h e sample. The t o r t u o s i t y 
i s unambiguously d e f i n e d and s i m u l a t e d by a random walk 
method. V i a t h e t o r t u o s i t y , t h e d i f f u s i o n c o e f f i c i e n t i s 
c a l c u l a t e d . 
A com b i n a t i o n o f P o i s e u i l l e ' s Equation and Darcy's Law i s 
used t o a l l o w a network f l o w c a l c u l a t i o n which a c c u r a t e l y 
p r e d i c t s t h e a b s o l u t e p e r m e a b i l t y o f t h e sandstone p u r e l y 
from i t s p o r e - l e v e l geometry. The p e r m e a b i l i t y o f Clashac 
i s p r e d i c t e d a t 177.4 mD compared t o t h e measured v a l u e o f 
193.0 mD. 
The h y s t e r e s i s e f f e c t o f t h e network s t r u c t u r e i s i l l u s t r a t -
ed by t h e s i m u l a t i o n o f the secondary i m b i b i t i o n o f w e t t i n g 
phase w i t h r e l a t i o n t o t h e mercury p o r o s i m e t r y experiment. 
The simulated r e t e n t i o n o f mercury i n t h e s t r u c t u r e compares 
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CHAPTER 1 AN INTRODUCTION AND REVIEW OF PORE-LEVEL 
MODELS OF POROUS MEDIA. 
1.1 Introduction 
The i n i t i a l p u r p o s e o f t h i s r e s e a r c h was t h e 
i n v e s t i g a t i o n o f hydrocarbon gas m i g r a t i o n and t h e r o l e 
d i f f u s i o n might p l a y i n the o v e r a l l m i g r a t i o n of gases from 
t h e i r source rocks t o t h e r e s e r v o i r . The v i s c o s i t y o f t h e 
gases was a l s o t o be measured u s i n g a c a p i l l a r y gas 
visco m e t e r and from t h i s t h e i n t e r m o l e c u l a r f o r c e s o f t h e 
species were t o be e l u c i d a t e d . 
The c o u r s e o f t h e r e s e a r c h soon v e e r e d f r o m t h i s 
intended approach, towards the m o d e l l i n g of the porous media 
w i t h i n which t h e . d i f f u s i o n o f t h e gases t o o k p l a c e , as i t 
was f e l t t h a t t h e s t r u c t u r e of the medium was o f fundamental 
i m p o r t a n c e t o t h e f u l l u n d e r s t a n d i n g o f any m i g r a t i o n 
p r o c e s s . D i f f u s i o n was t h e m i g r a t i o n process i n i t i a l l y 
chosen t o stud y , as t h e r e was l i t t l e evidence o f work done 
i n t h i s a r e a e s p e c i a l l y f o r d i f f u s i o n t h r o u g h w a t e r -
s a t u r a t e d rocks. 
1.2 Migration of hydrocarbon gases and gaseous d i f f u s i o n . 
M i g r a t i o n d e n o t es t h e r e d i s t r i b u t i o n p r o c e s s e s o f 
hydrocarbons i n t h e subsurface which r e s u l t i n t h e f o r m a t i o n 
of n a t u r a l o i l and gas accumulations (Krooss, 1986). The 
m i g r a t i o n i s u s u a l l y d i v i d e d i n t o two stages, 
( i ) P r i m a r y m i g r a t i o n denotes t r a n s p o r t i n f i n e g r a i n e d 
source r o c k s , t h e s i t e s o f hydrocarbon g e n e r a t i o n , i n t o 
adjacent permeable c a r r i e r beds. 
( i i ) Secondary m i g r a t i o n i s t h e subsequent movement o f 
hydrocarbons through the more permeable r e s e r v o i r rocks. 
D i f f u s i o n i s o n l y one o f many m i g r a t o r y mechanisms which 
a l s o i n c l u d e f i l t r a t i o n , s o l u t i o n and b u l k m i g r a t i o n through 
f r a c t u r e systems (Hunt, 1979). D i f f u s i o n i s an i m p o r t a n t 
mechanism i n t h a t i t can o p e r a t e i n r o c k s o f v e r y low 
p e r m e a b i l i t y and i t i s thought t o be a v i a b l e mechanism f o r 
the s h o r t range movement of gases from source rocks o f very 
low p e r m e a b i l i t y t o t h e more permeable r e s e r v o i r r o c k s 
( L e y t h a u s e r e t a l , 1982). Thorstenson and P o l l o c k (1989) 
showed t h a t v e r y s m a l l p r e s s u r e g r a d i e n t s ( 1 Pa/m) can 
produce v i s c o u s f l u x e s g r e a t e r than o r equal t o d i f f u s i v e 
f l u x e s , but t h a t pressure g r a d i e n t s o f t h i s magnitude can be 
g e n e r a t e d by d i f f u s i v e p r o c e s s e s . D i f f u s i o n i s a l s o 
r e s p o n s i b l e f o r t h e d e p l e t i o n o f r e s e r v o i r s t h r o u g h cap-
rocks over g e o l o g i c a l time p e r i o d s . Leythauser e t a l (1982) 
showed f o r t h e H a r l i n g e n gas f i e l d i n H o l l a n d , d i f f u s i v e 
l o s s t h r o u g h 400m o f s h a l e cap r o c k i s r e s p o n s i b l e f o r a 
r e d u c t i o n by h a l f o f t h e i n i t i a l 1,93 x 10^ m-^  o v e r a 
p e r i o d o f 4.5 m i l l i o n years. They thus propose t h a t l a r g e 
accumulations can only p e r s i s t through g e o l o g i c a l timescales 
by a d y n a m i c e q u i l i b r i u m b e t w e e n d i f f u s i o n l o s s and 
replacement from source rocks. 
L e y t h a u s e r e t a l (1980) i d e n t i f i e d d i f f u s i o n as a 
m i g r a t i o n process by c o n c e n t r a t i o n depth t r e n d s o f a s e r i e s 
of hydrocarbons t h r o u g h shales. The shale was shown t o be 
depleted i n propane by 99.8% from a surface sample compared 
t o t h e mean c o n c e n t r a t i o n from t h e same s h a l e below 3m. 
Deplet i o n decreased w i t h i n c r e a s i n g molecular s i z e u n t i l no 
s i g n i f i c a n t l o s s was observed f o r heptane. They concluded 
t h a t t h e c o m p o s i t i o n a l f r a c t i o n a t i o n i s i n d i c a t i v e t h a t 
upward d i f f u s i o n t h r o u g h t h e r o c k i s t h e p r e d o m i n a n t 
p r o c e s s . L e y t h a u s e r e t a l ( 1 9 8 2 ) , c a l c u l a t e d a b s o l u t e 
d i f f u s i o n r a t e s f o r ethane t o heptane based on a mathemati-
c a l model but i n the process conceded t h a t s e v e r a l p h y s i c a l 
p r o c e s s e s m o d i f y t h e d i f f u s i v e t r a n s p o r t , t h e s e b e i n g 
a d s o r p t i o n / d e s o r p t i o n processes on c l a y - m i n e r a l surfaces or 
t h e g e o m e t r y o f t h e p o r e s y s t e m , i n c l u d i n g p o r o s i t y , 
p e r m e a b i l i t y , p o r e d i a m e t e r s and t o r t u o s i t y . I t seems 
l o g i c a l t h a t these f a c t o r s w i l l not j u s t modify the r a t e o f 
d i f f u s i o n b u t w i l l be t h e r a t e d e t e r m i n i n g f a c t o r s . Such 
apparent n e g l e c t o f pore geometry i s common i n many papers 
d e a l i n g w i t h t h e primary m i g r a t i o n processes and was p a r t l y 
r e s p o n s i b l e f o r t h e change i n d i r e c t i o n o f t h i s research t o 
th e fundamental m o d e l l i n g on a pore s c a l e r a t h e r t h a n a 
macroscopic s c a l e . 
1.3 Problems associated with models of porous media. 
E a r l y models o f porous media were almost e x c l u s i v e l y 
based on the 'bundle of tubes* model, which, although known 
t o be e r r o n e o u s , i s s t i l l used by t h e v a s t m a j o r i t y o f 
r e s e r v o i r e n g i n e e r s and r e s e a r c h e r s a l i k e . Models which 
have gone a s t e p f u r t h e r t h a n b u n d l e s o f t u b e s a r e t h e 
network models. These have the advantage o f i n t e r c o n n e c t i v i -
t y between t u b e s , b u t most a r e based on u n r e a l i s t i c 
mathematical d i s t r i b u t i o n s o f pore s i z e s . The p e r c o l a t i o n 
type models are based on connections between p o i n t sources 
which are e i t h e r open or c l o s e d , a l l o w i n g or not a l l o w i n g 
passage o f m a t t e r . These p e r c o l a t i o n models c o r r e c t l y 
p r e d i c t c r i t i c a l p r o p e r t i e s o f t h e media b u t a r e l e s s 
a c c u r a t e ( o r f a i l c o m p l e t e l y ) i n p r e d i c t i n g m a r g i n a l 
p r o p e r t i e s . Most models, however t h e y were f o r m u l a t e d , 
remain ambiguous i n one sense or another, u s u a l l y r e q u i r i n g 
a t l e a s t one h e u r i s t i c f a c t o r so as t o f i t p r e d i c t e d data t o 
experimental data. Because o f these problems, which w i l l 
be explained and expanded l a t e r i n t h e t e x t , the emphasis o f 
t h i s research switched p r i o r i t y t o p r o d u c i n g a d e f i n i t i v e 
computer model o f a r e s e r v o i r sandstone (and porous media i n 
g e n e r a l ) . There was no reason t o t h i n k a model could not be 
d e v e l o p e d f r o m r e a l p o r e s i z e s t a k e n f r o m t h e a c t u a l 
s a n d s t o n e . T h i s was t h e p h i l o s o p h y o f t h e model t o be 
d e v e l o p e d ; t o adhere t o r e a l p a r a m e t e r s w h i c h d i d n o t 
n e c e s s i t a t e t h e need f o r h e u r i s t i c f i t t i n g f a c t o r s . 
1.4 Aims of the research and a short review of recent pore-
l e v e l models. 
The f o l l o w i n g l i t e r a t u r e survey i s s o l e l y o f r e c e n t 
p o r e - l e v e l models. F u r t h e r r e f e r e n c e s are g i v e n i n each 
chapter w i t h i n i t s i n t r o d u c t i o n and d i s c u s s i o n . This i s so 
t h a t t h e l i t e r a t u r e r e l e v a n t t o the chapter i s c i t e d a t t h e 
a p p r o p r i a t e time. 
Mohanty and S a l t e r (1982), described a p o r e - l e v e l model 
as one which " t r e a t s the pore space as an assemblage o f pore 
segments and i n c o r p o r a t e s p o r e - l e v e l laws t o c a l c u l a t e 
macroscopic t r a n s p o r t p r o p e r t i e s " . T h is describes t h e aims 
o f t h i s work w e l l . However, what s e t s t h i s work a p a r t i s 
t h a t r e a l pore'dimens'ions and geometry are used and a l l 
p r e d i c t i o n s are d e r i v e d d i r e c t l y from these c h a r a c t e r i s t i c s . 
The model r e p r o d u c e s t h e m e r c u r y p o r o s i m e t r y p r i m a r y 
drainage curve and v i a t h i s , t h e t r u e pore s i z e d i s t r i b u t i o n 
i s d e r i v e d , t a k i n g i n t o a c c o u n t s h i e l d i n g and m a s k i n g 
e f f e c t s o f small pores over l a r g e pores. From a knowledge o f 
t h e p o r e l e v e l p r o c e s s e s , eg. t o r t u o s i t y and c a p i l l a r y 
pressure e f f e c t s , macroscopic processes are q u a n t i t a t i v e l y 
modelled eg. t h e d i f f u s i o n c o e f f i c i e n t (which i n s t i g a t e d t h e 
s t u d y ) , t h e c a p i l l a r y p r e s s u r e h y s t e r e s i s c u rves and t h e 
p e r m e a b i l i t y o f the sample. 
The f o l l o w i n g p o r e - l e v e l models have appeared i n r e c e n t 
l i t e r a t u r e . Mohanty and S a l t e r (1982) used a 3D network t o 
s i m u l a t e c a p i l l a r y p r e s s u r e p r i m a r y d r a i n a g e , secondary 
i m b i b i t i o n and s e c o n d a r y d r a i n a g e c u r v e s based on a 
m a t h e m a t i c a l d i s t r i b u t i o n o f pore s i z e s . They a r e vague 
about t h e causes of i s o l a t i o n o f non-wetting phase (n.w.p.) 
and say i t i s brought about by " s e r i e s o f choke-offs (snap-
o f f s ) , (menisci) jumps, or a combination o f t h e two." T h e i r 
model r e l i e s h e a v i l y on a c r i t i c a l p o r e s i z e t o t h r o a t 
diameter r a t i o t o produce t r a p p i n g of n.w.p.,. and t r a p p i n g 
does not seem t o be caused by p u r e l y network e f f e c t s . 
L i n and Cohen ( 1 9 8 2 ) , used a t o p o l o g i c a l model 
d e s c r i b i n g t h e microgeometry o f t h e porous medium. They 
c o n s t r u c t e d a 3D medium i n terms o f c o n n e c t i v i t y o f the pore 
space and g r a i n space, pore s i z e t o t h r o a t diameter r a t i o 
and g r a i n c o n t a c t area. They c o r r e c t l y emphasised t h a t 3D 
c o n n e c t i v i t y i s n o t t h e same as 2-D c o n n e c t i v i t y . T h e i r 
model s e t s up a p i c t u r e o f p o r e space f r o m s c a n n i n g 
e l e c t r o n microscope p i c t u r e s o f ' s e r i a l s e c t i o n s ' , b u t t h e 
a p p l i c a t i o n of t h e model, eg. t o nuclear magnetic resonance 
and steady f l o w o f f l u i d through a porous rock, i s vague. 
K o p l i k and Lasseter (1985) d e f i n e d a general problem i n 
the physics of random media; t h a t of 'macroscopic averaging 
o f a random m i c r o s c o p i c a l l y d i s o r d e r e d medium t o p r e d i c t 
l a r g e - s c a l e b e h a v i o u r f r o m a knowledge o f s m a l l - s c a l e 
dynamics'. T h i s i s quoted i n r e s p e c t o f t h e methods o f 
s t u d y a v a i l a b l e w i t h i n t h e two s c a l e s . M i c r o s c o p i c a l l y , 
t h e motions of f l u i d s and menisci can be discussed i n terms 
of the microgeometry and the p h y s i c a l c h a r a c t e r i s t i c s o f the 
l i q u i d s , gases and s o l i d s p r e s e n t , and on t h e macroscopic 
s c a l e , i n terms o f t h e Darcy Equation i n v o l v i n g e m p i r i c a l 
p arameters. T h e i r model uses a 20 network o f randomly 
s i z e d c i r c u l a r pores connected by s t r a i g h t channels. The 
pore r a d i i , t h r o a t r a d i i and t h r o a t l e n g t h s are a s s i g n e d 
f r o m u n i f o r m p r o b a b i l i t y d i s t r i b u t i o n s . N a v i e r - S t o k e s 
e q u a t i o n s a r e t h e n used t o c a l c u l a t e d t h e f l o w o f two 
f l u i d s . The s i m u l a t i o n s are l i m i t e d t o networks o f 10 x 10 
pores because o f t h e c o m p l e x i t y o f c a l c u l a t i o n s which are 
analogous t o an e l e c t r i c a l r e s i s t o r network. Trapping o f 
n.w.p. i s i l l u s t r a t e d , but the mechanism o f how t h i s occurs 
i s n o t e x p l a i n e d . I t i s a g e n e r a l l y v e r y c o m p l i c a t e d 
procedure. The au t h o r s s t a t e t h a t 'the c o n n e c t i o n between 
the two l e v e l s of d e s c r i p t i o n (micro and m a c r o s c o p i c ) , i f 
t h e r e i s one, has never been e l u c i d a t e d , d e s p i t e y e a r s of 
e f f o r t * . C h a p t e r 8 o f t h i s t h e s i s o f f e r s a p o s s i b l e 
s o l u t i o n t o t h i s problem. 
K o p l i k e t a l ( 1 9 8 4 ) c a l c u l a t e d t h e e l e c t r i c a l 
c o n d u c t i v i t y and f l u i d p e r m e a b i l i t y of a porous medium from 
the m i c r o s c o p i c geometry b u i l t up from s e r i a l s e c t i o n s of 
the pore space. They used an e f f e c t i v e medium approximation 
( i n w h i c h random v a l u e s o f m i c r o s c o p i c p a r a m e t e r s a r e 
r e p l a c e d by c e r t a i n mean v a l u e s ) t o c a l c u l a t e t h e 
c o n d u c t i v i t y of a random r e s i s t o r network analogous t o t h e 
p o r e s p a c e . They o v e r e s t i m a t e d t h e c o n d u c t i v i t y by a 
f a c t o r of 2 and p e r m e a b i l i t y by a f a c t o r of 10. 
C h a n d l e r e t a l (1982) model c a p i l l a r y d i s p l a c e m e n t of 
i m m i s c i b l e f l u i d s by a Monte C a r l o p r o c e s s u s i n g a 2D random 
network, l e a d i n g t o f i n g e r i n g and t r a p p i n g of d i s p l a c e d 
p h a s e . The r e s u l t s a r e compared t o p e r c o l a t i o n t h e o r y 
c o n c e p t s . Again no r e a l s i z e s a r e g i v e n t o components of 
the network but i n s t e a d they a r e a s s i g n e d s i z e s f o l l o w i n g 
some p r o b a b i l i t y d i s t r i b u t i o n . 
Androutsopoulous and Man (1979), i n a v e r y i n f o r m a t i v e 
paper, model mercury porosimetry experiments on the b a s i s of 
a 2D network. T h r o a t d i a m e t e r s a r e a s s i g n e d from a random 
number generator with a mean of 1 ^im and v a r i a n c e of 0.3 /xm. 
Entrapment i s d e s c r i b e d i n terms of network e f f e c t s and 
c a p i l l a r y f o r c e s and t h e e f f e c t o f n e t w o r k s i z e i s 
i l l u s t r a t e d . 
V a r i o u s o t h e r p o r e - l e v e l computer models a r e i n c l u d e d 
i n the r e c e n t l i t e r a t u r e e.g. L i e t a l (1986), Yanuka e t a l 
( 1 9 8 6 ) , D i a z e t a l ( 1 9 8 7 ) , C h a t z i s and D u l l i e n ( 1 9 7 7 ) , 
C h a t z i s and D u l l i e n (1985). 
CHAPTER 2 MEASUREMENT OF THE DIFFUSION OF LIGHT HYDROCARBON 
GASES THROUGH SANDSTONES. 
2,1. Theory> 
The e x p e r i m e n t a l procedure i s based on t h e non-steady 
s t a t e method o r i g i n a l l y u s e d by Daynes ( 1 9 2 0 ) f o r t h e 
measurement of d i f f u s i o n through rubber membranes. Krooss 
and S c h a e f e r (1987) l a t e r d e v e l o p e d t h e method f o r t h e 
m e a s u r e m e n t o f d i f f u s i o n i n s e d i m e n t a r y r o c k s . T h e 
experiment monitors the p e r i o d over which a steady s t a t e of 
d i f f u s i v e f l u x i s s e t up w i t h i n t h e sample. The p r i n c i p a l 
phases of a non-steady s t a t e d i f f u s i o n experiment a r e shown 
i n F i g 2,1. The mathematical d e s c r i p t i o n o f t h i s i s g i v e n by 
P i c k ' s Second Law of D i f f u s i o n : -
^•c = c 
'ht £)x^  
f o r boundary c o n d i t i o n s , 
c = C j ^ a t x = 0 t > 0 
c = C 2 a t x = l t > 0 
and i n i t i a l c o n d i t i o n s , 
c = f ( x ) 0 < x < l t = 0 
Where and C j denote c o n c e n t r a t i o n s w i t h i n the sample a t 
d i s t a n c e x=0 and x=l through t h e sample and t i s t h e time. 
These c o n c e n t r a t i o n s cannot be measured d i r e c t l y but they 
a r e r e l a t e d t o t h e c o n c e n t r a t i o n s i n t h e a d j a c e n t g a s 
phases, c-^ • and by the p a r t i t i o n c o e f f i c i e n t = fie* ^ 
( i = 1, 2) (Krooss and Scha e f e r , 1987), 
The s o l u t i o n , g i v e n by Cr a n k (1975) d e s c r i b e s t h e 
c o n c e n t r a t i o n change during the f i n i t e time u n t i l the steady 
F i g u r e 2.1 P r i n c i p a l phases of time l a g d i f f u s i o n experiment 
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C i = H Y D K O C A R E O N C C N C E M T R A T I C N IN T H E GAS P H A S E O F THE S C U f i C E 
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s t a t e i s reached 
c = CQ^ + ( C 2 - c^^) .X + c^ c o s n y r-c.sin(nTTx) .exp(-Dn^ t) 
1 TT nsl n 1 1* 
+ 4 C Q ^ _1 sin(2Tn+l)Trx exp(-D(2m+l) ^ T T ' t / l M 
TT m=o 2m+l' 1 
where n and m = 1,2,3,.. 
For the s p e c i a l c o n d i t i o n where C j and C Q a r e zero i . e . the 
rock i s i n i t i a l l y f r e e of hydrocarbons and the s i n k s i d e i s 
f l u s h e d p e r i o d i c a l l y to maintain zero c o n c e n t r a t i o n , 
c = C3^(l - X - 2 I 1 sinfnTTX) exp(-Dn^ t/1' ) ) 
1 n t n 1 
The r a t e a t which the hydrocarbons emerge from u n i t a r e a of 
s i n k s i d e i s given by, -D(dc/dx) 
T h i s i s i n e f f e c t P i c k ' s f i r s t law f o r d i f f u s i v e f l u x , 
J ( x , t ) = -D ^ 
V.X 
t h e r e f o r e , _.c = c-,(-l - 2 g 1 c o s f n y r x ) exp (-Dn* T T ' t / 1 ' ) ) 
X 1 7 1 1 
s u b s t i t u t e f o r x = 1 
M = c^('l - 2^ 1 cos(n2rl) exp(-Dn^ T T ' t / l M ) 
d^^=l 1 1 1 1 
-D E>c = Dc^(l + 2£ 1 cosnTT exp(-Dn^ JT^ t/1^ ) ) 
'^^x=l 1 • 1 
The t o t a l amount o f d i f f u s e d g a s , Q ( t ) i s o b t a i n e d by 
i n t e g r a t i n g w i t h r e s p e c t to t , 
t 
•D) 3 c = DC3^(t + 2 ^ 1 cosnTT -1' expf-Dn^ )) + C 
^ ^ x = l ^ ' ^ 'Dn'TT' 
Q(t) = D C T ( t - 21 g cosn£ exp (-Dn^ TT^ t / l M ) + C 
1 D T T M n^ 
as t = 0, Q(t) = 0 and s u b s t i t u t i n g cos(n7r/nM = ( - l ) " / n * 
then, 0 = -21003^ ^ ( - 1 ) " + C 
Dn^ I n' 
11 
t h e r e f o r e , C = 21DCj^ ^ ( - 1 ) " 
n' 
Q ( t ) = t + 21 £ I r i l ' ' (1 
1 On' i 
- exp{-Dn^7r^ t/1^ ) ) 
but i s e q u i v a l e n t t o -irV12 (from a geometric s e r i e s ) 
» n' 
t h e r e f o r e , Q(t) = Dc^ ^ t + 21 -n' (1 - exp(-Dn^ TT^  t / l M ) 
1 D?r' * 12 
which, as t -» 00 approaches the l i n e 
Q(t) = Dc^ t - 1 
1 6D 
T h i s r e p r e s e n t s a s t r a i g h t l i n e graph and has an i n t e r c e p t 
on the t a x i s when Q(t)=0 where 
tQ = _ i l where tQ i s known as the l a g - t i m e 
6D 
Thus from a measurement of t and 1, t h e s a m p l e 
t h i c k n e s s , the d i f f u s i o n c o e f f i c i e n t , D may be c a l c u l a t e d . 
An example of such a lag-time p l o t i s shown i n F i g 2.2. 
2.2 Rock Scunples* 
Two sandstone t y p e s have been s t u d i e d , t h e s e b eing C l a s h a c 
and Berea. C l a s h a c i s an outcrop rock and i s used by B r i t i s h 
Gas (who h a v e s u p p l i e d a l l s a m p l e s ) a s t h e i r "model" 
r e s e r v o i r r o c k . T h i s i s b e c a u s e i t i s r e l a t i v e l y w e l l 
s o r t e d and v i r t u a l l y f r e e from any c l a y d e p o s i t s . I t 
t h e r e f o r e has a r e l a t i v e l y uncomplicated s t r u c t u r e ( i f t h a t 
i s p o s s i b l e f o r a n a t u r a l l y o c c u r r i n g sandstone) and i t was 
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f e l t t h a t t h i s was c o n s e q u e n t l y t h e i d e a l s a n d s t o n e t o 
model. Berea was s t u d i e d f o r comparative purposes, both t o 
C l a s h a c measurements and measurements o f o t h e r w o r k e r s . 
Berea has a g r e a t e r c l a y c o n t e n t than C l a s h a c and as such 
has a more c o m p l i c a t e d i n t e r n a l s t r u c t u r e t h u s making i t 
more d i f f i c u l t t o m o d e l ; t h e c l a y i n c r e a s e s s u r f a c e 
r o u g h n e s s , p o r e / t h r o a t b l o c k a g e s and a d s o r p t i o n e f f e c t s . 
T h ese f a c t o r s w i l l be d i s c u s s e d l a t e r . The p o r o s i t y and 
p e r m e a b i l i t y o f t h e samples a r e shown i n t a b l e 2.1. A l l 
measurements i n t a b l e 2.1 were made by B r i t i s h Gas. 
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Table 2.1 
Sample P o r o s i t y / % Permeabilitv/mD G r a i n Density/gem"^ 
C l a s h a c 
A 10.7 148,82 2.64 
B 11.6 236.22 2.64 
C 11.3 192.97 2.64 
CCl 222,75 
CC2 11.1 276.51 
CC3 324.77 
CC4 216.18 
CCS 11.2 266.09 
CC6 285.53 
Berea 
B l 20.0 
B2 20.0 
BBl 20.5 247 2.69 
BBIA 19.9 248 2.68 
BBIB 20.0 237 2.68 
BB2 20.6 273 2.67 
BB2A 20.3 263 2.68 
BB2B 20.0 254 2.68 
BB3 20.8 279 2.68 
BB3A 20-2 263 2.67 
BB3B 20.3 241 2.68 
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A g e o l o g i c a l d e s c r i p t i o n of t h e two samples i s g i v e n 
below :-
Berea: 
S o r t i n g 
Shape 
S p h e r i c i t y 
Roundness 
G r a i n S i z e 
Packing 
C l a s h a c : 
S o r t i n g 
Shape 
S p h e r i c t y 
Roundness 
S i z e 
Packing 
w e l l s o r t e d 
equant (equal s i d e s ) 
moderate 
v a r i a b l e - angular, subangular 
0.25mm, .33mm, .46mm, .18mm - f i n e t o medium 
gr a i n e d . 
loose, g r a i n supported 
w e l l s o r t e d 
bladed and equant 
low 
V. angular 
0.33mm, .39mm, .26mm, .26mm - medium g r a i n e d 
T i g h t 
2.3 P r e p a r a t i o n of Samples. 
S amples were o b t a i n e d a s two and a h a l f c e n t i m e t r e 
d i a m e t e r c o r e s . These were then c u t to the r e q u i r e d l e n g t h 
( a p p r o x i m a t e l y 3 cm f o r dry experiments and ap p r o x i m a t e l y 
0.4 cm f o r water s a t u r a t e d rock e x periments) on a diamond 
saw and ground down to plane p a r a l l e l f a c e s on a h o r i z o n t a l 
diamond g r i n d i n g wheel. The samples were then dipped i n a 
s o n i c bath t o wash out any d e b r i s from s u r f a c e pores. A f t e r 
d r y i n g , t h e c l e a n c o r e was s e t i n s i d e a b r a s s r i n g ( o f t h e 
c o r r e c t d i m e n s i o n s t o f i t t h e d i f f u s i o n c e l l t o be 
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d e s c r i b e d ) v i a an epoxy r e s i n , A r a l d i t e CY 1301 w i t h 
hardener HY 1300 (B and K R e s i n s ) . ( I t was found t h a t t h e 
epoxy r e s i n s h r a n k l e s s t h a n a p o l y e s t e r r e s i n ) . The 
hardener and the r e s i n were mixed i n p r o p o r t i o n 4.8 p a r t s 
h a r d e n e r t o 10 p a r t s r e s i n . T h i s m i x t u r e was then l e f t f o r 
two hours t o cure s l i g h t l y before s e t t i n g t h e sample i n the 
b r a s s r i n g . The b r a s s was f i r s t primed w i t h A r a l d i t e DZ 80 
to e n s u r e a good bond between b r a s s and r e s i n . G r e a t c a r e 
was t a k e n not t o c o v e r t h e s u r f a c e of the r o c k sample w i t h 
any r e s i n and to ensure t h e r e was no seepage underneath the 
sample. T h i s was achieved by t i g h t l y s e a l i n g the pe r i m e t e r 
o f t h e s a m p l e t o t h e u n d e r s i d e o f t h e b r a s s r i n g w i t h 
a d h e s i v e tape. 
2.4 Development of experimental apparatus and method* 
The a p p a r a t u s i s a development o f t h a t u t i l i s e d by 
Krooss and Sc h a e f e r (1987). As t h e r e was no apparatus g r a n t 
f o r t h i s r e s e a r c h , the apparatus used by Krooss and S c h a e f e r 
c o u l d not s i m p l y be r e p r o d u c e d . T h e i r d e s i g n was t o t a l l y 
automated and would have c o s t many thousands o f pounds. As 
s u c h , t h e a p p a r a t u s had t o be b u i l t w i t h t h e r e s o u r c e s 
a v a i l a b l e i n the department w i t h a s m a l l sum of money being 
spent on e x t r a f i t t i n g s . As a r e s u l t of having to b u i l d the 
apparatus from s c r a t c h , c e r t a i n developments were made:-
1) t h e i n a b i l i t y of l i q u i d n i t r o g e n t o q u a n t i t a t i v e l y t r a p 
methane was n o t i c e d and so a new sample c o l l e c t i o n system 
designed, 
2) a system to keep both s i d e s of the sample a t atmospheric 
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p r e s s u r e d uring the f l u s h i n g procedure was designed, and 
3) the gas chromatograph (G.C.) c a r r i e r gas was a l s o used as 
the f l u s h i n g gas t h u s r e d u c i n g the number of gas s a m p l i n g 
v a l v e s r e q u i r e d from the design of Krooss and S c h a e f e r and 
so c u t t i n g c o s t s . 
One of t h e e a r l i e s t d e s i g n s i n c o r p o r a t i n g a l i q u i d 
n i t r o g e n c o l d t r a p i s shown i n F i g 2.3. With t h i s apparatus 
the l i q u i d n i t r o g e n c o l d t r a p was t e s t e d . I t was found t h a t 
methane was not b eing trapped q u a n t i t a t i v e l y a t t h e h e l i u m 
f l o w r a t e r e q u i r e d t o a c h i e v e good peak shape and s h o r t 
enough r e t e n t i o n times. T h i s was s u r p r i s i n g c o n s i d e r i n g t h a t 
the b o i l i n g p o i n t of methane i s -161*C and t h a t of n i t r o g e n 
i s - 1 9 6 ' C . A l s o a n o t h e r p r o b l e m was t h a t t h e f l a m e 
i o n i z a t i o n d e t e c t o r ( F . I . D . ) flame kept on e x t i n g u i s h i n g . 
V a r i o u s sample loops were t r i e d i n c l u d i n g 1/8" b r a s s and 
1/4" g l a s s tubes, b r a s s tubing packed w i t h a c t i v a t e d alumina 
and g l a s s tubing packed with 2mm diameter g l a s s beads. None 
of t h e s e worked q u a n t i t a t i v e l y . 
The n e x t d e v e l o p m e n t was t o d i s r e g a r d t h e l i q u i d 
n i t r o g e n c o l d t r a p and make the d i f f u s i o n c e l l i t s e l f a c t as 
t h e sample loop by u t i l i s i n g a 6 -port gas s a m p l i n g v a l v e 
w i t h two p o r t s blocked. T h i s i s shown i n f i g u r e 2.4. 
The d i f f u s i o n c e l l could be f l u s h e d s i m p l y by s w i t c h i n g 
t h e gas s a m p l i n g v a l v e . The problem w i t h t h i s s e t up was 
t h a t the hydrocarbon gas mixture flow r a t e would i n c r e a s e on 
f l u s h i n g , i . e . n i t r o g e n was p r e f e r e n t i a l l y f l o w i n g back 
through the sample i n s t e a d of f l u s h i n g the d i f f u s e d gas i n t o 
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s e p a r a t e l i n e t o the f l u s h i n g gas. T h i s l e a d t o t h e b a s i c 
o u t l i n e o f t h e d e s i g n which became t h e f i n a l v e r s i o n a s 
shown i n f i g u r e 2.5. The n i t r o g e n b l o w - o f f was t h e l a s t 
development when i t was n o t i c e d t h a t i f s l i g h t p r e s s u r e 
i n c r e a s e s o c c u r r e d , t h e y were r e l e a s e d t h r o u g h t h e 
sample. 
Once t h i s d e s i g n had been f i n a l i s e d a l l development 
c e n t r e d around the optimum design of the sample loop and the 
b e s t column p a c k i n g t o use t o a c h i e v e t h e s e p a r a t i o n o f 
hydrocarbons r e q u i r e d i n as s h o r t a time as p o s s i b l e . 
2.4.1 Design of the sample loop. 
The f i r s t s ample l o o p u s e d was a g l a s s U - t u b e o f 
approximately 1/4" i n t e r n a l diameter and 70cm^ volume. T h i s 
worked a d e q u a t e l y , but had the problem of producing broad 
peaks. T h i s was because t h e volume being f l u s h e d i n t o t h e 
G.C. column was t o o l a r g e and t h e t i m e f o r i t t o p a s s 
t h r o u g h t h e column was e x c e s s i v e . A l s o , b e c a u s e o f t h e 
volume, t h e r e were p r e s s u r e drop problems on s w i t c h i n g the 
sampling v a l v e , a g a i n c a u s i n g bad chromatography. However, 
the main reason f o r r e d e s i g n i n g the sample loop was t h a t i t 
was c o n n e c t e d t o t h e vacuum pump by r u b b e r t u b i n g ; t h e 
combined loop and c o n n e c t i o n s would o n l y pump down t o 20 
t o r r (760 t o r r = 1.01325 x 10^ Nm"^  = 1 atm) and was prone 
to l e a k s . Peak a r e a s would o c c a s i o n a l l y reduce to zero from 
a h i g h v a l u e f o r no apparent r e a s o n . A l s o w a t e r from water 
s a t u r a t e d r o c k s was c a u s i n g problems of s p u r i o u s and m i s s i n g 
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and t h e r e f o r e any w a t e r vapour p r e s e n t when u s i n g w a t e r 
s a t u r a t e d samples might not have been removed s a t i s f a c t o r i l y 
w i t h t h i s s y s t e m . C o n s e q u e n t l y t h e whole s y s t e m from t h e 
pump t o t h e s a m p l i n g v a l v e was made up i n g l a s s w a r e w i t h 
q u i c k - f i t f i t t i n g s . 
The new sample loop had a volume of 70 cm-' and was of 
l / 4 " o . d . T h i s would t y p i c a l l y pump down t o 0.06 t o r r and 
e l i m i n a t e d any problems t h a t might occur w i t h water vapour. 
The problem which then o c c u r r e d was t h a t t h e methane peak 
was c o n s i s t e n t l y s p l i t t i n g i n t o two and no r e l i a b l e peak 
a r e a s c o u l d be reproduced. I t was e v e n t u a l l y concluded t h a t 
t he s p l i t peak was due t o t u r b u l e n c e i n the sample loop a s 
shown i n f i g u r e 2.6. 
The reasons f o r t h i s o c c u r i n g were twofold: 
i ) the diameter and volume of the loop were too l a r g e ; and 
i i ) t h e r e was v e r y l i t t l e chromatographic e f f e c t happening 
t o t h e methane on t h e column and so t h e i n i t i a l f r o n t of 
methane was r e a c h i n g the d e t e c t o r before the sample loop was 
f u l l y f l u s h e d . T h e r e f o r e the shape of the peak r e p r e s e n t e d 
the a c t u a l p r o f i l e of methane d i s t r i b u t i o n w h i l s t the sample 
was being f l u s h e d . 
The sample loop was f i n a l l y r e b u i l t a s d e s c r i b e d i n the 
n e x t s e c t i o n . T h i s s o l v e d t h e problem o f s p l i t p e a ks and 
produced a low p r e s s u r e drop on s w i t c h i n g t h e gas sampli n g 
v a l v e . O n l y a t t h i s s t a g e was i t p o s s i b l e t o p r o d u c e 
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2-5 D e s c r i p t i o n of the f i n a l i s e d experimental apparatus> 
The e x p e r i m e n t a l a p p a r a t u s as shown i n f i g u r e 2.5 was 
designed to make an o n - l i n e assessment of the d i f f u s i v e f l u x 
o f a h y d r o c a r b o n through a s a n d s t o n e i . e . t h e a n a l y t i c a l 
s e c t i o n i s i n t e r f a c e d to the d i f f u s i o n c e l l by means of a 
gas sampling v a l v e . The o t h e r main c r i t e r i o n of t h e d e s i g n 
was t h a t t h e r e s h o u l d be no p r e s s u r e f o r c e s a c t i n g on t h e 
rock and t h a t i t s h o u l d be kept a t a t m o s p h e r i c p r e s s u r e a t 
a l l t imes. 
The apparatus can be s p l i t i n t o four main s e c t i o n s 
1. s a m p l e i n t r o d u c t i o n , 2. t h e d i f f u s i o n c e l l , 3. t h e 
c o l l e c t i o n system i n c l u d i n g the water manometer and n i t r o g e n 
blow-off, and 4. the a n a l y t i c a l system. 
1. The gas flow i s measured by soap bubble flow meters and 
gas mixing i s a c h i e v e d by the mutual fl o w i n g of gases i n t o a 
T - p i e c e f i t t i n g . During the experiment t h e c u m u l a t i v e flow 
of hydrocarbons i s s e t no g r e a t e r than 1.5 cm^min"^-
2. The d i f f u s i o n c e l l c o n s i s t s o f two s t a i n l e s s s t e e l 
p l a t e s . The mounted sample s i t s i n a r e c e s s c u t i n the s t e e l 
d i s c s so t h a t the b r a s s r i n g mount b u t t s up a g a i n s t rubber 
o - r i n g s , thus a f f o r d i n g a gas t i g h t s e a l . The volume of the 
s o u r c e c a v i t y i s 2.5 cm^. T h i s s m a l l volume m i n i m i s e s t h e 
time n e c e s s a r y f o r the hydrocarbon c o n c e n t r a t i o n t o r e a c h 
Cj^* a t t h e s t a r t of the experiment. The i n l e t d i a m e t e r i s 
of 1/8" o.d. and a l a r g e r o u t l e t o f l / 4 " o . d . i s u s e d so 
t h a t no p r e s s u r e b u i l d up o c c u r s i n t h e s o u r c e s i d e . The 
volume of the s i n k s i d e of the d i f f u s i o n c e l l was d e s i g n e d 
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so t h a t t h e d i f f u s e d gas c a u s e d n e g l i g i b l e c o n c e n t r a t i o n 
b u i l d up b e f o r e i t was f l u s h e d out. So f o r t h i s r e a s o n i t 
had t o be a s l a r g e a s p o s s i b l e . On t h e o t h e r hand t h i s 
volume had t o be as l i t t l e as p o s s i b l e so t h a t i t c o u l d -be 
t r a n s f e r r e d t o t h e sample loop w i t h o u t t h e volume of t h e 
sample loop having to be e x c e s s i v e l y l a r g e . T h i s i s because 
f o r good chromatography t h e t i m e p e r i o d o v e r w h i c h t h e 
sample i s i n t r o d u c e d t o the column s h o u l d be as s h o r t as 
p o s s i b l e i . e . t h e s a m p l e l o o p s h o u l d be a s s m a l l a s 
p o s s i b l e . A compromise of S.Scm*^ f o r the s i n k volume was 
found to g i v e good r e s u l t s . 
3. The c o l l e c t i o n system c o n s i s t s of a sample loop of 1.8mm 
i n t e r n a l diameter b r a s s tubing connected to the s i n k s i d e of 
the d i f f u s i o n c e l l and the a n a l y t i c a l system by a 6-port gas 
sampling v a l v e . The volume of the sample loop i s 18.2 cm-'. 
T h i s volume was a r r i v e d a t by f u l f i l l i n g c e r t a i n c r i t e r i a of 
being l a r g e enough to f u l l y c o l l e c t the f l u s h e d s i n k s i d e of 
t h e d i f f u s i o n c e l l b u t n o t t o o l a r g e t o c a u s e a l a r g e 
p r e s s u r e drop on t r a n s f e r i n t o t h e a n a l y t i c a l s y s t e m and 
thus s t i l l g i v e good chromatography. Tap 2 i s a needle v a l v e 
(Whitey) w i t h p o s i t i v e s h u t o f f t o a l l o w f i n e c o n t r o l o f 
d i f f u s e d gas e n t r y . Tap 3 i s a s i m p l e o n - o f f v a l v e . A l l 
f i t t i n g s a r e Swagelok or c a p t i v e s e a l . The water manometer 
and n i t r o g e n blow-off were i n c l u d e d i n the d e s i g n so a s t o 
m a i n t a i n t h e s a m p l e a t a t m o s p h e r i c c o n d i t i o n s d u r i n g 
f l u s h i n g . The n i t r o g e n b l o w - o f f c o n s i s t s of a f i n e bore 
g l a s s t u b e d i p p i n g t o a d e p t h of 1mm i n t o a b e a k e r o f 
w a t e r . A h i g h l i n e p r e s s u r e i s r e q u i r e d t o g i v e t h e G.C 
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c a r r i e r gas f l o w r a t e of 55 ml/min b e c a u s e of t h e h i g h 
p r e s s u r e drop a c r o s s the column. As t h e r e i s a low p r e s s u r e 
drop a c r o s s t h e d i f f u s i o n c e l l , t h i s h i g h l i n e p r e s s u r e 
produces an unmanageable flow when f l u s h i n g and hence t h e 
flow c o n t r o l l e r i s i n c l u d e d t o reduce t h i s flow. 
4. The a n a l y t i c a l s e c t i o n c o n s i s t s of a Pye 104 G.C. w i t h a 
flame i o n i s a t i o n d e t e c t o r . ( F . I . D . ) * A packed column was used 
w i t h a column p a c k i n g of Porapak P (a porous c r o s s l i n k e d 
polymer bead)• T h i s was found t o g i v e a good s e p a r a t i o n of 
the t h r e e gases i n approximately 6 minutes a t the c o n d i t i o n s 
u s ed. The f o l l o w i n g column p a c k i n g s were a l s o t r i e d , but 
were found n o t t o a c h i e v e peak r e s o l u t i o n i n t h e t i m e 
a l l o w e d between s u c c e s s i v e s a m p l i n g p e r i o d s : - Chromosorb 
102, m o l e c u l a r s i e v e 5A (60-80 mesh), m o l e c u l a r s i e v e 5A 
(100-120 mesh), Porapak QS, 10% DC-200 on Chromosorb P AW 
and Squalane 
Photographs of the apparatus a r e shown i n p l a t e s 1 and 
2, the former showing a view of the whole apparatus and the 
l a t t e r showing a c l o s e - u p of the d i f f u s i o n c e l l . 
2.6 Experimental procedure> 
The e x p e r i m e n t i s d e s c r i b e d f o r t h e d i f f u s i o n o f a gas 
m i x t u r e of methane, n-butane and i s o - b u t a n e through a d r y 
sample. (For a water s a t u r a t e d sample the gas mixture on the 
s o u r c e s i d e i s b u b b l e d t h r o u g h w a t e r i n t h e f i n a l soap 
b u b b l e f l o w meter, and on t h e s i n k s i d e a w a t e r f i l l e d 
D r e c h s e l b o t t l e i s added. T h i s h e l p s m a i n t a i n the s a t u r a t i o n 
of the sample.) 
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P l a t e 1 
P l a t e 2 
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1. The G.C. i s turned on, the flame l i t and t h i s i s l e f t on 
ov e r n i g h t to a l l o w the oven temperature to e q u i l i b r i a t e . For 
a t y p i c a l sample the f o l l o w i n g G.C. s e t t i n g s a r e used:-
A t t e n u a t i o n : 10 x 10^ 
Oven temperature: 82 'C 
G.C. n i t r o g e n c a r r i e r gas flow r a t e : 50 - 55 ml/min. 
Detector temperature: 150 *C 
F.I-D. a i r flow r a t e : 300 ml/min 
F.I.D- hydrogen flow r a t e : 44 ml/min 
I n t e g r a t o r s e t t i n g s a r e as f o l l o w s : -
Zero: 5, 0.0 
At t e n u a t i o n : 1 - 4 
Chart speed: 0.5 cm/min. 
Peak width : 0.16 
Threshold : 0.0 
Area r e j e c t : 0.0 
2. An hour before the experiment i s to s t a r t , the flow r a t e s 
of the hydrocarbon gases a r e s e t to approximately 0.5ml/min 
e a c h . T h i s a l l o w s a l l t h e l i n e s t o f i l l w i t h f u l l y mixed 
hydrocarbon. At t h i s stage the e x i t gases should be piped to 
the fume cupboard. 
3. The sample loop i s e v a c u a t e d up t o t a p 2. A vacuum of 
0.05 t o r r should be achieved i f the system i s l e a k f r e e . 
4. The m i x t u r e i s i n t r o d u c e d t o t h e s o u r c e s i d e o f t h e 
d i f f u s i o n c e l l and a stop watch i s s t a r t e d about 20 seconds 
a f t e r t h i s t o a l l o w f o r the delay before c o n c e n t r a t i o n c ^ i s 
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b u i l t up. 
5. A f t e r an i n t e r v a l of 5 - 1 0 m i n u t e s depending on t h e 
sample, the f l u s h i n g sequence i s s t a r t e d . ( T h i s i n t e r v a l can 
be a n y w h e r e b e t w e e n 20 m i n u t e s t o 1 h o u r f o r a w a t e r 
s a t u r a t e d sample and i s l e a r n t by e x p e r i e n c e . G e n e r a l l y a 
longer i n t e r v a l was used f o r a water s a t u r a t e d Berea sample 
t h a n a w a t e r s a t u r a t e d C l a s h a c s a m p l e ) . The f l u s h i n g 
i n t e r v a l should be kept c o n s t a n t throughout the experiment 
f o r r e a s o n s d i s c u s s e d i n s e c t i o n 3.2. Tap 3 i s c l o s e d and 
ta p 2 i s v e r y c a r e f u l l y opened u n t i l t h e w a t e r manometer 
j u s t r i s e s . At t h i s p o i n t tap 1 i s switched so t h a t t he G.C. 
c a r r i e r gas a c t s a s the d i f f u s i o n c e l l f l u s h i n g gas. Tap 2 
i s then g r a d u a l l y opened f u r t h e r , keeping the water i n t h e 
manometer l e v e l , u n t i l t h e sample loop i s f u l l , whereupon 
t h e N 2 b l o w o f f w i l l s t a r t b u b b l i n g . T a p 1 i s t h e n 
i m m e d i a t e l y r e t u r n e d t o i t s former p o s i t i o n and t h e gas 
s a m p l i n g v a l v e s w i t c h e d from t h e " f i l l " p o s i t i o n t o t h e 
" i n j e c t " p o s i t i o n so as to f l u s h the c o n t e n t s of the sample 
loop i n t o t he G.C.. The i n t e g r a t o r i s s t a r t e d and t h e time 
noted. 
When the f u l l volume of the c o l l e c t i o n tube has been 
f l u s h e d through, tap 2 i s c l o s e d and then the sampling v a l v e 
i s i m m e d i a t e l y r e t u r n e d t o t h e " f i l l " p o s i t i o n . T h i s i s 
c a r r i e d out i n the s t a t e d o r d e r t o a v o i d N2 blowing back 
through the d i f f u s i o n c e l l and u p s e t t i n g t h e c o n c e n t r a t i o n 
g r a d i e n t w i t h i n t h e sample. Tap 3 i s t h e n opened t o r e -
evacuate the sample loop. ( T h i s sequence i s f i r s t performed 
b e f o r e t h e gas m i x t u r e has been i n t r o d u c e d t o t h e s o u r c e 
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s i d e . T h i s i s t o e n s u r e t h a t a n i t r o g e n a t m o s p h e r e i s 
i n i t i a l l y p r e s e n t i n the s i n k s i d e of the d i f f u s i o n c e l l . I t 
a l s o a c t s a s a check t o e n s u r e t h e r e i s i n i t i a l l y a z e r o 
c o n c e n t r a t i o n of hydrocarbon p r e s e n t . I f i t i s found t h a t 
t h i s i s not the c a s e , then the p r o c e s s i s repeated u n t i l no 
hydrocarbon i s detected.) 
6. The f l u s h i n g sequence i s then r e p e a t e d a t the s p e c i f i e d 
i n t e r v a l s u n t i l the peak a r e a s r e a c h a c o n s t a n t v a l u e f o r a t 
l e a s t s i x i n t e r v a l s . The e x p e r i m e n t i s t h e n s t o p p e d , 
cumulative peak a r e a s a r e c a l c u l a t e d and noted with the time 
of each f l u s h i n g . 
T h i s whole sequence i s not easy and t a k e s p r a c t i c e t o 
p e r f e c t . I t i s v e r y e a s y t o s u c k w a t e r i n t o t h e s y s t e m 
(hence the t r a p ) when f i r s t opening tap 2. I t i s i m p e r a t i v e 
t h a t t h e w a t e r i n t h e manometer i s k e p t l e v e l d u r i n g t h e 
f l u s h i n g a s any s u c k i n g o r b a c k - p r e s s u r e d r a m a t i c a l l y 
a f f e c t s the peak a r e a s obtained. 
To r e s t o r e the sample to i t s o r i g i n a l c o n d i t i o n of zero 
hydrocarbon c o n c e n t r a t i o n , i t was found most convenient and 
e f f e c t i v e to apply a back p r e s s u r e a c r o s s the sample of 15cm 
o f w a t e r o v e r n i g h t . The s e c o n d u s a g e o f t h e s a m p l e 
i n v a r i a b l y caused a l a r g e r d i f f u s i o n c o e f f i c i e n t no m a t t e r 
how long t h e sample was back f l u s h e d or e v a c u a t e d . T h i s i s 
shown i n the r e s u l t s s e c t i o n and p o s s i b l e r e a s o n s f o r i t s 
occurrence d i s c u s s e d . 
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CHAPTER 3 ANALYSIS OF RESULTS OF THE DIFFUSION EXPERIMENTS. 
3.1 R e g r e s s i o n a n a l y s i s of lag-time p l o t s 
As a l r e a d y d i s c u s s e d the o b j e c t i v e of the experiment i s 
t o o b t a i n t h e l a g - t i m e . T h i s can be done g r a p h i c a l l y a s 
shown e a r l i e r i n f i g u r e 2.2. A more a c c u r a t e , r e p r o d u c i b l e 
method i s t o c a r r y out a r e g r e s s i o n of t h e s t r a i g h t l i n e 
p o r t i o n of t h e g r a p h and t h i s h a s been done u s i n g t h e 
M i n i t a b s t a t i s t i c a l package. Corresponding data p o i n t s of 
Q(t) and t a r e input i n t o the computer except f o r the f i r s t 
few p o i n t s where the d i f f u s i v e f l u x has not y e t reached a 
s t e a d y s t a t e . Then t h e method i n v o l v e s a r e g r e s s i o n 
c a l c u l a t i o n t o i n d i c a t e where t h e c u r v e o f Q ( t ) v s . t 
d e v i a t e s from a s t r a i g h t l i n e , working from high v a l u e s of t 
towards zero. 
The c r i t e r i a f o r d e v i a t i o n depends on t h e e r r o r , E^^ 
introduced i n t o the s t r a i g h t l i n e as s u c c e s s i v e data p o i n t s 
are brought i n t o the r e g r e s s i o n , and the degrees of freedom 
a s s o c i a t e d with the r e g r e s s i o n . Then i f . 
En-En-l/Dn-Dn-l > 4 
the c u r r e n t d a t a p o i n t does d e v i a t e from a s t r a i g h t l i n e . 
F o r a r e a s o n a b l e number of p o i n t s on t h e s t a i g h t l i n e 
s e c t i o n o f t h e c u r v e , a 5% s i g n i f i c a n c e l e v e l ( i . e . 5% 
p r o b a b i l i t y t h a t the d a t a p o i n t added to the r e g r e s s i o n i s 
p a r t of the same s e t of data) g i v e s the c r i t i c a l v a l u e of 4 
f o r the above r a t i o (Mangles, 1990). At each r e g r e s s i o n , the 
e q u a t i o n of t h e s t r a i g h t l i n e i s shown and so from t h e 
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e q u a t i o n of t h e l a s t s t r a i g h t l i n e b e f o r e t h e d e v i a t i o n 
o c c u r s , t h e v a l u e of t a t Q { t ) = 0 may be c a l c u l a t e d . The 
d i f f u s i o n c o e f f i c i e n t may t h e n c a l c u l a t e d . An example of 
s u c c e s s i v e r e g r e s s i o n s i s shown i n f i g u r e 3.1. 
T h i s i s a p r a c t i c a l method of f i n d i n g the lag-time i n a 
n o n - a r b i t r a r y manner. However t h e r e a r e c e r t a i n problems 
a s s o c i a t e d w i t h the e v a l u a t i o n . The c r i t i c a l v a l u e of the 5% 
s i g n i f i c a n c e l e v e l i s based on two assumptions:-
1. measurements a r e independent and 
2. e r r o r s have co n s t a n t v a r i a n c e . 
I n t h e method used, the measurements a r e c e r t a i n l y not 
independent as the i n d i v i d u a l measurements a r e summed. A l s o , 
a s t h e e r r o r o f e a c h d a t a p o i n t i s b e i n g added t o t h e 
p r e v i o u s e r r o r , t h e v a r i a n c e i n c r e a s e s a s time p r o c e e d s . 
Because the v a r i a n c e i n c r e a s e s as s u c e s s i v e p o i n t s a r e added 
to the r e g r e s s i o n , then f o r a data p o i n t to be o f f the l i n e , 
the v a r i a n c e of t h a t p o i n t has to be c o r r e s p o n d i n g l y l a r g e r 
f o r i t not t o be r e c o g n i s e d by the 5% s i g n i f i c a n c e l e v e l . 
T h e r e f o r e t h e c r i t i c a l v a l u e of 4 c o u l d p o s s i b l y a l l o w 
p o i n t s not on the s t r a i g h t l i n e to be i n c l u d e d with the data 
of the s t r a i g h t thus g i v i n g a low e s t i m a t e of the l a g - t i m e . 
N e v e r t h e l e s s by comparing computed l a g - t i m e s t o l a g -
times produced from hand drawn graphs i t has been found t h a t 
the computer method does g i v e s e n s i b l e and r e l i a b l e r e s u l t s . 
3.2 The importance of sampling p e r i o d . 
A l l t h e r e s u l t s p r e s e n t e d i n t h i s c h a p t e r a r e from 
r e l i a b l e experimental runs a f t e r problems w i t h the apparatus 
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i . e . t h e new d a t a p o i n t i s s t i l l on t h e s t r a i g h t l i n e . T h e r e f o r e 
add f u r t h e r p o i n t and r e p e a t t he r e g r e s s i o n . Assuming t h e n e x t 
p o i n t d e v i a t e s , t h e e q u a t i o n o f t h e l a s t s t r a i g h t l i n e i s t h a t 
shown above. 
Then, t n = ??.?^7S^ = 108.5 seconds 
2081 
F i g u r e 3.1 continued 
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and e x p e r i m e n t a l s e t - u p had been s o l v e d . Approximately one 
and a h a l f y e a r s was s p e n t c o n s t r u c t i n g , d e v e l o p i n g and 
t e s t i n g the apparatus before t h e s e r e l i a b l e r e s u l t s c o u l d be 
obtained. During t h i s time many f r u s t r a t i n g hours were spent 
producing r e s u l t s which o n l y s e r v e d t o h i g h l i g h t problems 
w i t h the apparatus. 
One of the major problems encountered w i t h the t i m e - l a g 
method was t h a t t h e s a m p l i n g i n t e r v a l had t o be k e p t 
c o n s t a n t throughout an e x p e r i m e n t . The e f f e c t s o f a non 
r e g u l a r sampling p e r i o d a r e exaggerated by t h e p r e s e n c e of 
wa t e r i n t h e pore s p a c e . The imp o r t a n c e o f t h e s a m p l i n g 
i n t e r v a l i s now e x p l a i n e d . 
I f an experimient i s s t a r t e d w i t h a 10 minute sampl i n g 
i n t e r v a l a c e r t a i n c o n c e n t r a t i o n p r o f i l e w i l l b u i l d up i n 
t h e sample u n t i l a s t e a d y s t a t e i s r e a c h e d . I f t h e n t h e 
sampling i n t e r v a l i s changed t o 20 minutes, t h i s w i l l not 
r e s u l t i n double the volume of d i f f u s e d gas being d e t e c t e d , 
but a change i n the c o n c e n t r a t i o n p r o f i l e w i t h i n the sample 
u n t i l a new steady s t a t e i s reached. T h i s i s r e p r e s e n t e d i n 
f i g u r e 3.2- I f a '10 minute sample* i s then taken from a 20 
minute p r o f i l e , t h i s sample w i l l be l a r g e r t han t h e s t e a d y 
s t a t e 10 minute sample. T h i s i s e x p l a i n e d as f o l l o w s . 
The i n i t i a l c o n c e n t r a t i o n p r o f i l e i s s e t up a t a 
c e r t a i n sampling i n t e r v a l through the path of the l a r g e s t 
c h a n n e l s by random m o t i o n s o f g a s p a r t i c l e s a l o n g t h e 
c o n c e n t r a t i o n g r a d i e n t . As t h e s i n k i s r e g u l a r l y f l u s h e d 
t h e r e i s no p o t e n t i a l t o invade o t h e r p a r t s of t h e medium 
o t h e r t h a n t h e s e c h a n n e l s . On i n c r e a s i n g t h e s a m p l i n g 
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S A M P L E 
10 M I N U T E 
F i g u r e 3.2 Graph of change i n c o n c e n t r a t i o n p r o f i l e w i t h i n 
sample w i t h change i n sampling i n t e r v a l 
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i n t e r v a l , t h e c o n c e n t r a t i o n o f gas m o l e c u l e s i n t h e s i n k 
i n c r e a s e s and s o t h e i n i t i a l d i f f u s i v e p r o f i l e a l s o 
i n c r e a s e s i n e q u i l i b r i u m , i . e . t h e r e - i s a g r e a t e r c o n c e n t r a -
t i o n g r a d i e n t t o e n t e r p o r e s a s y e t u n o c c u p i e d by g a s 
m o l e c u l e s t h a n t h e r e i s t o e n t e r t h e s i n k . T h u s a new 
c o n c e n t r a t i o n g r a d i e n t grows. At the new s t e a d y s t a t e t h e 
sample volume i s not only g r e a t e r because of the longer time 
p e r i o d , but a l s o because a l a r g e r p r o p o r t i o n of pores a r e 
emptying i n t o the s i n k . Thus the sample volume i s not simply 
a f u n c t i o n of time. 
I f t h e i n i t i a l sampling i n t e r v a l i s then r e v e r t e d t o , 
the sample volume w i l l be g r e a t e r than t h a t from the i n i t i a l 
s t e a d y s t a t e f o r t h e above r e a s o n s and f o r t h e s e r e a s o n s 
many i n i t i a l r e s u l t s had t o be d i s c a r d e d . The e f f e c t of 
sampling i n t e r v a l i s i l l u s t r a t e d i n t a b l e 3.1, f o r methane 
d i f f u s i o n i n sample CC4 ( 2 ) . O c c a s i o n a l l y sudden jumps i n 
peak a r e a s on b u i l d - u p t o s t e a d y s t a t e were n o t i c e d . T h i s 
can be accounted f o r by new a r e a s of the medium, which were 
i n i t i a l l y s e m i - i s o l a t e d by s m a l l r e s t r i c t i n g t h r o a t s , being 
invaded and then t h e s e a r e a s a l s o emptying i n t o t h e s i n k . 
T h i s should only occur on build-up to steady s t a t e but cou l d 
o c c u r a t s t e a d y s t a t e due t o a s l i g h t l y poor e x p e r i m e n t a l 
technique c a u s i n g a s l i g h t reduced p r e s s u r e i n the s i n k . 
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Table 3.1 
Time/mins Peak Area I n t e r v a l 
0 0 15 
15 0 15 
30 0 15 
45 0 15 
60 0 15 
75 16.4 15 
90 61.5 15 
105 67.6 15 
120 70.6 15 
135 70.0 15 
150 72.7 15 
165 71.6 15 
180 72.3 15 
195 73.1 15 
213 116.5 18 
231 141.1 18 
249 179.1 18 
267 184.5 18 
285 184.6 18 
300 153.2 15 
315 155.0 15 
330 158.2 15 
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3.3 R e s u l t s and d i s c u s s i o n 
F i g u r e 3.3 shows the measured d i f f u s i o n c o e f f i c i e n t s of 
methane through d u p l i c a t e samples and of dry C l a s h a c 
s a n d s t o n e a t 23'C and 1 a t m o s p h e r e p r e s s u r e . The 
measurements on t h e d u p l i c a t e s a r e c o n n e c t e d by v e r t i c a l 
l i n e s , and the h o r i z o n t a l movement of th e s e l i n e s , i n d i c a t e d 
by t h e a r r o w s , i l l u s t r a t e s t h e e f f e c t of t h e s a t u r a t i o n 
h i s t o r y of the samples on t h e i r d i f f u s i o n c o e f f i c i e n t s . The 
samples a r e d u p l i c a t e s c u t from the same c o r e and so were 
o r i g i n a l l y s e p a r a t e d by a matter of m i l l i m e t r e s . (There i s 
no ' f i r s t use' p o i n t f o r sample C2 because of an a p p a r a t u s 
f a i l u r e . ) 
I t was found t h a t the f i r s t use of a sample always gave 
a l ower d i f f u s i o n c o e f f i c i e n t t h an s u b s e q u e n t u s e s , even 
though each sample was e i t h e r evacuated or b a c k f l u s h e d w i t h 
n i t r o g e n o v e r n i g h t a f t e r an experiment. I t should be noted 
t h a t even e v a c u a t i o n f o r s i x days a t e l e v a t e d temperature 
d i d not r e t u r n the sample to i t s o r i g i n a l s t a t e . T h i s may 
be due to a d s o r p t i o n of methane onto s u r f a c e c l a y m i n e r a l s . 
A l t e r n a t i v e l y methane may be t r a p p e d i n t h e s m a l l e s t of 
p o r e s , dead-end p o r e s or dead-end g a n g l i a o f p o r e s and 
t h r o a t s . On b a c k f l u s h i n g with n i t r o g e n to c l e a r the sample, 
t h e s e a r e a s would be bypassed. Thus, on a second usage of 
the sample the i n i t i a l c o n c e n t r a t i o n of methane would not be 
z e r o . a s i s r e q u i r e d by t h e t h e o r y of t h e e x p e r i m e n t . The 
subsequent r e l e a s e of these hydrocarbons i s sometimes termed 
'matrix d i f f u s i o n ' (Hooker, 1990). (Many of such dead end 
a r e a s i n the sandstone are i d e n t i f i e d by the computer model 
HO 
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F i g u r e 3.3 Methane d i f f u s i o n i n dry clashac sandstone 
e v a c u a t e d 144hrs ©TO^C 




C 1 H 
e v a c u a t e d 
24hrs 
+ 
back f l u s h e d 3 h r s 
e v a c u a t e d 24hrs 
f i r s t use 
330 .590 .850 1.11 
D i f f u s i o n c o e f f i c i e n t / cm sq/s 
1.37 
E-2 
and the s i g n i f i c a n c e of these a r e a s i s d i s c u s s e d i n c h a p t e r 
8.) I t was found t h a t the o n l y way to c o m p l e t e l y c l e a r the 
samples was to l e t them stand f o r a minimum of one month to 
a l l o w n a t u r a l d i f f u s i v e p r o c e s s e s to take e f f e c t . 
T a b l e 3.2 shows the r e s u l t s of a m i x t u r e of the g a s e s 
through dry d u p l i c a t e samples of C l a s h a c (C) and Berea ( B ) . 
A l l a r e f o r f i r s t usage of each sample e x c e p t f o r t h e C2 
r e s u l t s w h i c h a r e s e c o n d ( C 2 * ) and t h i r d ( C 2 " ) u s a g e 
r e s p e c t i v e l y . N o t i c e t h a t t h e d i f f u s i o n o f i s o - b u t a n e 
i s always g r e a t e r than t h a t of n-butane. 
A r e v e a l i n g method of a n a l y s i n g the r e s u l t s of gaseous 
d i f f u s i o n through rock i s to compare the r e s u l t s w i t h those 
e x p e c t e d f o r b u l k g a s e o u s d i f f u s i o n u n d e r homogeneous 
c o n d i t i o n s . I n the case of d i f f u s i o n through dry rock, the 
a n a l o g o u s b u l k d i f f u s i o n c o n d i t i o n s a r e t h o s e of b i n a r y 
d i f f u s i o n o f t h e a l k a n e ( 1 ) i n t o n i t r o g e n ( 2 ) . The 
corresponding b i n a r y d i f f u s i o n c o e ^ e n t given by the 
r i g o r o u s k i n e t i c theory of gases a s : 
^12 16n 
2 RT ( M;i^  + M2 ) 
12^ " l i 1 ,1)* 
(3.1) 
where n i s the number d e n s i t y of the gaseous mixture, R the 
gas c o n s t a n t , T t h e thermodynamic t e m p e r a t u r e , a^2 
c o l l i s i o n diameter and ^i^^'* the temperature dependent 
omega i n t e g r a l over the u n l i k e i n t e r m o l e c u l a r p a i r p o t e n t i a l 
energy f u n c t i o n which d e s c r i b e s the i n t e r m o l e c u l a r f o r c e s 
between the s p e c i e s . Assuming the gas behaves i d e a l l y , n = 
PL/RT, where L i s Avogadro's number. As the experiment i s 
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T a b l e 3.2 
Diffusion coefficients in dry sandstone 
D / X E-3 .cnn.sq/s 
r 
sample methane iso-butane n—butane 
CI 2 1.69 1.22 
3.19 2.23 1.55 
cr 7.55 4.46 3.48 
B1 0.97 0.83 0.59 
B2 1.49 0.76 0.59 
c a r r i e d out a t c o n s t a n t t e m p e r a t u r e and p r e s s u r e , n i s a 
c o n s t a n t , and one w o u l d t h e r e f o r e e x p e c t u n d e r b u l k 




t o be c o n s t a n t . The c o l l i s i o n d i a m e t e r s o of methane, n-
butane, i s o - b u t a n e and n i t r o g e n a r e 0.3721nm, 0.5526nm, 
0.5629nm and 0.3632nm r e s p e c t i v e l y ( R i g b y e t a l . 1986, 
Matthews and Smith, 1976). The c o l l i s i o n d i a m e t e r of the 
c r o s s - i n t e r a c t i o n , 0-^2' ^ good approximation equal t o 
t h e mean of t h e c o l l i s i o n d i a m e t e r s o f t h e two c o l l i d i n g 
s p e c i e s . Thus a l l t h e te r m s i n e x p r e s s i o n ( 3 . 2 ) c a n be 
c a l c u l a t e d , a n d t h e r e s u l t i n g n o r m a l i s e d d i f f u s i o n 
c o e f f i c i e n t s a r e shown f o r each experiment i n F i g u r e 3.4. 
(The u n i t s of t h e n o r m a l i s e d d i f f u s i o n c o e f f i c i e n t s a r e 
10"^'^cm^s"^g^/2mol"^/2) . I t c a n be s e e n t h a t whereas t h e 
n o r m a l i s e d d i f f u s i o n c o e f f i c i e n t s of methane and n-butane 
match c l o s e l y , those of iso-butane a r e anomalously high. The 
h i g h e r d i f f u s i o n c o e f f i c i e n t s of i s o - b u t a n e must be s o l e l y 
due t o t h e s t r u c t u r e of t h e m o l e c u l e s which a r e b r a n c h e d 
r a t h e r than l i n e a r a s i n n-butane. The o t h e r e f f e c t on the 
samples i s t h e d i f f e r e n c e i n s a t u r a t i o n h i s t o r y between 
samples C2' and C2" and t h i s e f f e c t i s l a r g e r even than the 
d i f f e r e n c e between C l a s h a c and Berea. 
Table 3.3 shows the r e s u l t s of the t h r e e gases through 
water s a t u r a t e d d u p l i c a t e samples of C l a s h a c (CC) and Berea 
4 4 
F i g u r e 3.4 
normalised diffusion coefficients 
dry sandstones 
norma l i sed D methane • i so-bu lone • n-butone 
s a m p l e 
in 
T a b l e 3.3 
Diffusion coefficients in water saturated sandstone 
D / X E - 6 cnn.sq/s 
r 
sample methane iso-butane n—butane' saturat ion/% 
CC1(1) 3.95 3.89 3.86 80.4-
CC1(2) 9.9 8.38 9.65 97.8 
004(1)" • 76.5 
004(2)" 8.1 1 7.76 7.74 75.9 
BB1(1) 2.43 < 1.1 < 1.1 84 
BB1(2) 12.8 21.8 16:3 83.3 
BB1A(1) 231 150 . 129 80.7 
^ BB1A(2) 23.5 28.5 25.5 86.9 
(BB). Primes i n d i c a t e t h a t samples CC4(1) and CC4(2) were 
s e c o n d u s a g e . The f i r s t p o i n t t.o n o t i c e i s t h e g r e a t 
v a r i a b i l i t y between r e s u l t s f o r d u p l i c a t e s a m p l e s . F o r 
e x a m p l e , B B l A ( l ) and ( 2 ) show an o r d e r o f m a g n i t u d e 
d i f f e r e n c e f o r each gas. For CC4(1) no d i f f u s e d hydrocarbon 
was d e t e c t e d a t a d e t e c t o r s e n s i t i v i t y 200 t i m e s t h a t 
r e q u i r e d f o r i t s d u p l i c a t e C C 4 ( 2 ) , which was prepared from 
t h e same c o r e o n l y 2-3 mm away. Whether t h i s was due t o 
f i n e s movement, b l o c k i n g pore t h r o a t s d u r i n g t h e w a t e r 
s a t u r a t i o n p r o c e s s or the presence of expandable l a y e r c l a y s 
i s not c l e a r - I t shows how pore s i z e s , pore arrangements 
and c l a y d i s t r i b u t i o n can change d r a m a t i c a l l y w i t h i n a very 
s m a l l d i s t a n c e . Such major v a r i a t i o n s must t h e r e f o r e be 
borne i n mind both when comparing d i f f u s i o n c o e f f i c i e n t s i n 
d i f f e r e n t r o cks and a l s o d i f f e r e n t samples of the same rock. 
Thomas ( 1 9 8 9 ) t r i e d t o c o r r e c t p u b l i s h e d d i f f u s i o n 
c o e f f i c i e n t s of L e y t h a u s e r e t a l . ( 1 9 8 0 , 1 9 8 2 ) to t a k e i n t o 
account the t o r t u o s i t y of samples and p a r t i t i o n c o e f f i c i e n t s 
between aqueous and o r g a n i c phases f o r v a r i o u s hydrocarbons 
so as t o a l l o w "more a c c u r a t e e x t r a p o l a t i o n of d i f f u s i o n 
measurements to new systems." No account i s taken however of 
the change i n pore geometry over m i c r o s c o p i c s c a l e s -
The d i f f e r e n c e s between the d i f f u s i o n c o e f f i c i e n t s of 
d i f f e r e n t gases w i t h i n the same sample are a l s o of i n t e r e s t . 
Comparing T a b l e 3.2 w i t h T a b l e 3.3, i t would seem t h a t the 
water p r e s e n t i n pore space ' l e v e l s out' the d i f f u s i o n r a t e 
of t h e g a s e s , as the p r o c e s s i s now not so dependent on 
m o l e c u l a r mass and shape of the d i f f u s i n g m o l e c u l e s but on 
7^ 
t h e s o l u b i l i t y of t h e g a s e s i n w a t e r . As t h i s d e c r e a s e s 
w i t h i n c r e a s i n g r e l a t i v e molar mass (Thomas, 1 9 8 9 ) , one 
would e x p e c t methane t o h ave a s i g n i f i c a n t l y g r e a t e r 
d i f f u s i o n c o e f f i c i e n t . T h i s has not been found f o r a l l 
samples. 
A g a i n i t i s w o r t h w h i l e c o m p a r i n g t h e d i f f u s i o n 
c o e f f i c i e n t s t o t h e t r e n d s e x p e c t e d f o r homogeneous b u l k 
d i f f u s i o n . Antonov (1959) simply reported a p r o p o r t i o n a l i t y 
o f t h e d i f f u s i o n c o e f f i c i e n t t o 1/yM, and t h e r e f o r e oyM 
should be c o n s t a n t . F i g u r e 3.5 shows t h i s term p l o t t e d f o r 
the s a t u r a t e d rock experiments. (The u n i t s of oyM a r e 10"^ 
cm^ s " ^ gV2 inol"^/^) . Once again the dominant v a r i a t i o n i s 
due t o the d i f f e r e n c e between samples, even when the y a r e 
d u p l i c a t e s . Within t h i s v a r i a t i o n , methane d i f f u s i o n i s l e s s 
t h a n would have been e x p e c t e d from t h e 1/yM dependence. 
F i g u r e 3.5 a l s o shows t h a t t h e oyM v a l u e s of n- and i s o -
butane f o r Berea a r e q u i t e d i f f e r e n t ( i s o - b u t a n e a l w a y s 
b e i n g t h e l a r g e s t ) w h e r e a s f o r C l a s h a c t h e y a r e v e r y 
s i m i l a r . I t w i l l be shown l a t e r t h a t B e r e a c o n t a i n s a 
s i g n i f i c a n t l y g r e a t e r p r o p o r t i o n by weight of c l a y d e p o s i t s 
than C l a s h a c , and t h e r e f o r e the e f f e c t i s probably due t o 
p r e f e r e n t i a l a d s o r p t i o n o f n - b u t a n e by t h e e x t r a c l a y 
d e p o s i t s i n Berea. 
I t i s concluded t h a t i n g e n e r a l , the 1/yM r e l a t i o n -
s h i p d o e s n o t seem t o be v a l i d f o r w a t e r s a t u r a t e d 
sandstones. Witherspoon and S a r a f (1965) found the d i f f u s i o n 
c o e f f i c i e n t s of methane, propane and n-butane i n w a t e r t o 
v a r y a s Dj^ = 1 . 235 D^^^ w h e r e D^ ^ i s t h e d i f f u s i o n 
F i g u r e 3.5 
normalised diffusion coefficients 
water saturated sandstones 
in m e i h o n e • isobutane ' • n - b u t a n e 
2 2 5 - 0 
2 0 - 0 -
1 5 - 0 -
10- 0 -
5 - 0 -
0 - 0 - 1 
X 10 
CC1(1) CC1(2) CC4(2) BB1(2) BB1A(2) BB1A(l) 
sample 
C3-
c o e f f i c i e n t of a g i v e n a l k a n e a t a f i x e d t e m p e r a t u r e and 
^n+1 d i f f u s i o n c o e f f i c i e n t of t h e a l k a n e o f n e x t 
h i g h e r r e l a t i v e molar mass a t t h e same t e m p e r a t u r e . T h i s 
r e l a t i o n s h i p p r e d i c t s t h a t Dj^^thane/^n-butane = '^^^^ 
i s v e r y s i m i l a r t o oyM = K f o r a homologous s e r i e s w h ich 
p r e d i c t s t h a t Dj^g^hane/^n-butane = ^'^O. The c o r r e s p o n d i n g 
r a t i o from t h i s work v a r i e s from 0.79 t o 1.79- Witherspoon 
and S a r a f ' s r e l a t i o n s h i p may t h e r e f o r e be t r u e f o r 
d i f f u s i o n o f h y d r o c a r b o n s i n p u r e w a t e r , b u t i t seems 
u n l i k e l y t o be c o r r e c t f o r w a t e r s a t u r a t e d pore s p a c e s 
c o n t a i n i n g v a r y i n g amounts of s u r f a c e h e t e r o g e n e i t i e s . 
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CHAPTER 4 SUPPLEMENTARY EXPERIMENTAL PROCEDURES. 
4.1 Method of water s a t u r a t i o n . 
Water s a t u r a t i o n of a sample f o r d i f f u s i o n experiments 
on water s a t u r a t e d rocks i s achieved as f o l l o w s . The sample 
i s f i r s t mounted i n the b r a s s r i n g as p r e v i o u s l y d e s c r i b e d . 
The mounted sample contained w i t h i n a 250ml beaker i s p l a c e d 
i n a s p e c i a l l y adapted d e s s i c a t o r which has a g l a s s tube 
p r o j e c t i n g from t h e i n s i d e of t h e l i d t o an e x t e r n a l arm 
f i t t e d w i t h a vacuum tap. The d e s s i c a t o r i s evacuated f o r 
one and a h a l f hours a t which p o i n t t h e vacuum i s broken 
with d i s t i l l e d water making sure t h a t the f i r s t water sucked 
i n by the vacuum i s aimed a t the sample. S u f f i c i e n t water i s 
i m b i b e d so a s t o c o v e r t h e s a m p l e w h i c h i s t h e n l e f t 
o v e r n i g h t b e f o r e i t i s used i n an experiment. S a t u r a t i o n s 
of g r e a t e r than 80% can be c o n s i s t e n t l y a c h i e v e d by t h i s 
method. I t i s assumed t h a t a t t h i s s a t u r a t i o n t h e major 
pathways w i t h i n the sample a r e water s a t u r a t e d l e a v i n g only 
the s m a l l e s t p o r e / t h r o a t systems (which w i l l p l a y l i t t l e 
p a r t i n the o v e r a l l d i f f u s i o n ) s t i l l dry. 
4.2 Mercury Porosimetrv. 
Pore s i z e d i s t r i b u t i o n s (p.s.d.'s) d e r i v e d from mercury 
porosimetry experiments are the b a s i s f o r the computer model 
of the sandstone. As such, although I p e r s o n a l l y c a r r i e d out 
o n l y a few experiments, a f u l l d e s c r i p t i o n of the t h e o r y , 
procedure and c r i t i c i s m s / p o t e n t i a l s o u r c e s of e r r o r w i l l 
be d i s c u s s e d . The e x p e r i m e n t s were c a r r i e d out by k i n d 
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p e r m i s s i o n of B r i t i s h Gas a t t h e i r London Research S t a t i o n , 
Michael Road. 
4.2.1 I n t r o d u c t i o n to the Technique 
Mercury p o r o s i m e t r y i s probably the most w i d e l y used 
r o u t i n e method of a s c e r t a i n i n g pore s i z e (or more a c c u r a t e l y 
t h r o a t diameter) d i s t r i b u t i o n s of porous r o c k s (Van B r a k e l 
e t a l , 1981). The method was f i r s t proposed by R i t t e r and 
Drake (1945). The p r i n c i p l e of the technique i s based on the 
f a c t t h a t mercury i s a non-wetting l i q u i d towards s a n d -
s t o n e s . Consequently i t only p e n e t r a t e s the pore space of 
t h e s a n d s t o n e i f a p r e s s u r e i s a p p l i e d . As the p r e s s u r e 
i n c r e a s e s , p r o g r e s s i v e l y s m a l l e r p o r e s a r e i n v a d e d . The 
volume of mercury i n j e c t e d i s r e c o r d e d as a f u n c t i o n of 
p r e s s u r e and then, knowing the p o r o s i t y and bulk volume of 
the sample, the volume of mercury can be c o n v e r t e d t o the 
p e r c e n t a g e of pore space o c c u p i e d . P r e s s u r e r e a d i n g s a r e 
c o n v e r t e d t o t h r o a t d i a m e t e r s from t h e L a p l a c e E q u a t i o n 
(sometimes r e f e r r e d to as the Washburn E q u a t i o n ) : -
D = -4 g cose (4.1) 
Pc 
where o = s u r f a c e t e n s i o n of mercury, 9 i s the c o n t a c t angle 
of mercury on sandstone, and p^ , i s the c a p i l l a r y p r e s s u r e . 
The c a p i l l a r y p r e s s u r e i s the p r e s s u r e d i f f e r e n c e a c r o s s the 
curved i n t e r f a c e between the d i s p l a c i n g phase (mercury) and 
d i s p l a c e d phase (air/mercury vapour) as d e f i n e d by Equation 
4.1, With a = 480 dyne cm"^ and 9 = 140° as a p p r o p r i a t e f o r 
the experiment d e s c r i b e d above, equation 4.1 reduces to D = 
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14.7/Pj, w i t h p^, measured i n b a r and D i n m i c r o n s ( 1 0 " ^ 
m e t r e s ) . 
The L a p l a c e e q u a t i o n a s s u m e s t h e p o r e s e x i s t a s 
c y l i n d r i c a l c a p i l l a r i e s which i s o b v i o u s l y i n c o r r e c t . T h i s 
and other c r i t i c i s m s w i l l be d i s c u s s e d l a t e r . 
4.2.2 Method 
The a p p a r a t u s u s e d i s shown i n f i g u r e 4.1. The 
a p p a r a t u s c o n s i s t s o f a m o d i f i e d 100* c c Ruska V o l u m e t r i c 
Pump (1 and 2 ) , to which a high p r e s s u r e pycnometer (4 and 
5) i s a t t a c h e d . The p y c n o m e t e r s a m p l e c h a m b e r c a n 
accommodate samples up to 2.5 cm diameter and 3.75 cm long, 
i r r e g u l a r l y shaped i f n e c e s s a r y . A screw r i n g (3) l o c k s the 
l i d ( 4 ) , forming a p r e s s u r e - and v a c u u m - t i g h t s e a l . The 
pycnometer has upper and lower o b s e r v a t i o n windows (6) f o r 
v i e w i n g mercury l e v e l r e f e r e n c e marks. The pump s c a l e (7) 
and handwheel micrometer d i a l (8) i n d i c a t e t h e volume o f 
mercury charged or withdrawn from t h e sample chamber. The 
pycnometer l i d i s c o n n e c t e d t o t h e c o n t r o l a s s e m b l y by a 
f l e x i b l e h i g h p r e s s u r e h o s e ( 9 ) . The c o n t r o l a s s e m b l y 
c o n s i s t s of t h r e e p r e s s u r e gauges (10, 11, 12) c o v e r i n g 0-
2000 p s i , f i v e p r e s s u r e c o n t r o l v a l v e s (14, 15) and a vacuum 
gauge ( 1 3 ) . Al s o r e q u i r e d a r e a vacuum pump and a n i t r o g e n 
c y l i n d e r . 
The procedure i s a s f o l l o w s : -
• With the sample i n the pycnometer and mercury below the 
sample, t h e system i s evacuated down t o p r e s s u r e s of 0,02 
mmHg. M e r c u r y i s i n j e c t e d u n t i l i t r e a c h e s t h e u p p e r 
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r e f e r e n c e mark and the movable s c a l e and handwheel d i a l a r e 
zeroed. The vacuum v a l v e i s then c l o s e d . The v e n t v a l v e 
(15) i s then t h r o t t l e d to r a i s e the p r e s s u r e on the mercury 
t o a d e s i r e d v a l u e . As mercury p e n e t r a t e s t h e sample i t 
w i l l drop from the upper r e f e r e n c e . The handwheel i s then 
operated to b r i n g the mercury back up to the r e f e r e n c e mark. 
At e q u i l i b r i u m , w h i c h c a n t a k e up t o h a l f an hour, t h e 
v o l u m e t r i c pump r e a d i n g i s taken along w i t h the p r e s s u r e . 
The v o l u m e t r i c pump reading i s the measure of the volume of 
mercury which i s intruded i n t o the sample i n cm^. 
T h i s p r o c e s s i s repeated up to atmospheric p r e s s u r e a t 
which p o i n t f u r t h e r p r e s s u r e i s a p p l i e d v i a the n i t r o g e n 
c y l i n d e r up t o a maximum of 2000 p s i ; e a c h d i a l b e i n g 
i s o l a t e d when i t s maximum p r e s s u r e l i m i t i s reached. 
I f a f u l l h y s t e r e s i s curve i s r e q u i r e d , the p r e s s u r e i s 
r e d u c e d i n s t e p s by r e d u c i n g c y l i n d e r p r e s s u r e and 
t h r o t t l i n g v a l v e 15 so t h a t t h e p r e s s u r e a p p l i e d t o t h e 
pycnometer i s r e l e a s e d to atmosphere. 
4.2.3 C a l i b r a t i o n 
P r i o r t o t h e e x p e r i m e n t , t h e i n s t r u m e n t must be 
c a l i b r a t e d . T h i s i n v o l v e s c a r r y i n g o u t t h e c o m p l e t e 
procedure j u s t d e s c r i b e d but w i t h no sample p r e s e n t . T h i s 
i s n e c e s s a r y to take i n t o account the compression of mercury 
and expansion of the pycnometer as the p r e s s u r e i n c r e a s e s . 
I t a l s o t a k e s i n t o account mercury being f o r c e d i n t o 'nooks 
and c r a n n i e s ' s u c h a s t h e screw t h r e a d , a s the p r e s s u r e 
i n c r e a s e s . These v a l u e s are then s u b t r a c t e d from the volume 
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readings obtained w i t h the sample a t corresponding p r e s s u r e s 
to g i v e the t r u e volume of mercury i n t r u d e d i n t o the sample. 
The p r e s s u r e on the sample i s a l s o c o r r e c t e d t o t a k e 
i n t o account the weight of the column of mercury between the 
upper r e f e r e n c e and the mid-point of the sample. 
4.2.4 R e s u l t s 
The mercury p o r o s i m e t r y p r i m a r y d r a i n a g e c u r v e s f o r 
G l a s h a c A, B and C and Berea BBl, BB2 and BB3 a r e shown i n 
F i g s 4.2-4.7. 
From f i g u r e 4.4 the p.s.d. f o r C l a s h a c was d e r i v e d f o r 
i n p u t i n t o t he computer model and the p.s.d. f o r Berea was 
d e r i v e d from f i g u r e 4.5. F i g u r e s 4.4 and 4.5 a r e c o n v e r t e d 
from t h e i r l o g s c a l e t o a l i n e a r s c a l e i n f i g u r e s 4.8 and 
4.9 f o r ease of use and a r e then d i r e c t l y comparable to the 
s i m u l a t e d c u r v e s shown i n Chapter 6. The d e r i v a t i o n of t h e 
p.s.d. i s d i s c u s s e d i n Chapter 5. 
4.2.5 C r i t i c i s m s o f t h e m e r c u r y p o r o s i m e t r y t h e o r y and 
method. 
A l t h o u g h t h e m e r c u r y p o r o s i m e t r y t e c h n i q u e i s u s e d 
e x t e n s i v e l y f o r t h e d e t e r m i n a t i o n o f p . s . d . ' s , i t h a s 
c e r t a i n shortcomings. The main c r i t i c i s m s a r e l i s t e d below:-
1) The obvious s o u r c e of e r r o r w i t h t h i s t e c h n i q u e i s t h e 
use of e q u a t i o n 4.1 t o c a l c u l a t e t h r o a t d i a m e t e r . As v e r y 
few s a n d s t o n e s have p o r e s of s t r a i g h t c y l i n d r i c a l c a p i l -
l a r i e s , t h i s t h r o a t d i a m e t e r c a n o n l y be c o n s i d e r e d an 
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F i g u r e 4.9 F i g u r e 4.5 converted t o a l i n e a r s c a l e 
BEREA SAMPLE BB1: EXPERIMENTAL 
1 1 1 : 1 r 
30.0 50.0 
THROAT DIAMETER / MICRONS 
70.0 90.0 
E 0 
T h i s e q u i v a l e n t t h r o a t d i a m e t e r i s t h e d i a m e t e r o f a 
s t r a i g h t c y l i n d r i c a l c a p i l l a r y t h a t g i v e s the same c a p i l l a r y 
p r e s s u r e . a s the measured v a l u e . 
2) Another problem a s s o c i a t e d w i t h E q u a t i o n 4.1 i s what 
v a l u e s of the s u r f a c e t e n s i o n , a and the c o n t a c t angle, e to 
use. A v a l u e of 480 dynes cm"-^  i s commonly used f o r a, but 
no a c c o u n t i s t a k e n of the change i n a w i t h p r e s s u r e and 
t h r o a t r a d i u s , which presumably must o c c u r . A method f o r 
c a l c u l a t i n g the dependence of a on t h r o a t r a d i u s i s g i v e n by 
Kloubek (1981), He demonstrated t h a t o i n c r e a s e s with pore 
s i z e . 
More e l u s i v e i s the v a l u e to use f o r 6, the c o n t a c t 
angle of mercury i n the c a p i l l a r y . I t i s known t h a t mercury 
i s non-wetting and t h e r e f o r e i t s c o n t a c t a n g l e i s g r e a t e r 
t h a n 9 0 ° . The v a l u e commonly u s e d i s 140° b u t many 
d i f f e r e n t angles have been reported ranging from 100° - 180° 
(Good and M i k h a i l , 1981). T h e r e i s a l s o t h e q u e s t i o n of 
c o n t a c t angle h y s t e r e s i s , i e . the change i n c o n t a c t angle as 
the mercury advances and r e c e d e s i n the sandstone. Morrow 
(1975) found an a d v a n c i n g a n g l e of 175° and a r e t r e a t i n g 
a n g l e o f 125° f o r s o l i d w h i c h was b e l i e v e d t o have an 
i n t r i n s i c c o n t a c t a n g l e o f 130°. C o n t a c t a n g l e and 
s t r u c t u r a l h y s t e r e s i s i s d e a l t with f u r t h e r i n Chapter 8. A 
method f o r c a l c u l a t i n g the product acose, r a t h e r than the 
i n d i v i d u a l q u a n t i t i e s , i s to measure the p r e s s u r e needed f o r 
i n t r u s i o n of mercury i n t o a h o l e of known r a d i u s . T h i s 
a s s u m e s t h a t n e i t h e r o o r 9 depend on p o r e s i z e . A 
fundamental problem with c o n t a c t angle d e t e r m i n a t i o n i s t h a t 
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t h e s o l i d s u r f a c e u s e d does n o t have t h e same s u r f a c e 
c h a r a c t e r i s t i c s ( h e t e r o g e n e i t i e s and roughness) a s d u r i n g 
mercury i n t r u s i o n i n t o a r e a l sandstone. 
3) The common m i s i n t e r p r e t a t i o n of the r e s u l t s i s due t o 
the c h a r a c t e r i s a t i o n of the sample by the p o i n t of i n f l e x i o n 
of i t s primary d r a i n a g e c a p i l l a r y p r e s s u r e c u r v e . As seen 
from the f i g u r e 4.4 f o r example, the i n i t i a l p o r t i o n of the 
c u r v e i s s h a l l o w and then r i s e s s t e e p l y a t the p o i n t of 
i n f l e x i o n . The t h r o a t d i a m e t e r a t t h i s p o i n t i s u s u a l l y 
t a k e n a s the most f r e q u e n t or c h a r a c t e r i s t i c s i z e o f t h e 
s a m p l e ( C o r e S t o r e , B r i t i s h Gas, 1 9 8 8 ) . T h i s s i z e i s 
c e r t a i n l y not the most f r e q u e n t o r a v e r a g e pore s i z e , a s 
shown l a t e r from the computer model and i s b e t t e r d e s c r i b e d 
as a t h r e s h o l d pore s i z e . 
At p r e s s u r e s lower than t h a t of the p o i n t of i n f l e x i o n , 
t h e r e a r e l a r g e pores w i t h i n the body of the sample which 
would be f i l l e d i f exposed t o mercury, but n e v e r t h e l e s s 
remain empty because t h e y a r e s h i e l d e d by s m a l l e r p o r e s . 
When t h e t h r e s h o l d p o r e s i z e h a s b e e n r e a c h e d , t h e 
p r e v i o u s l y s h i e l d e d l a r g e r pores are f i l l e d , along with the 
po r e s of the t h r e s h o l d s i z e and the volume of the l a r g e r 
p o r e s i s e r r o n e o u s l y a s s o c i a t e d w i t h t h e t h r e s h o l d pore 
s i z e . T h u s , a s m a l l p r e s s u r e i n c r e a s e c a u s e s a l a r g e 
i n c r e a s e i n occupied pore space. 
I f the same pores were arranged d i f f e r e n t l y i n space, a 
s l i g h t l y d i f f e r e n t t h r e s h o l d pore s i z e would be o b t a i n e d . 
Another d i f f e r e n t t h r e s h o l d pore s i z e would o c c u r i f t h e 
same pores had the same arrangement but a d i f f e r e n t degree 
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of i n t e r c o n n e c t i o n . T h i s i s due to the network s t r u c t u r e of 
t h e s a n d s t o n e and i s shown t o be c o r r e c t by t h e computer 
model t o be d e s c r i b e d i n Chapter 5. T h e r e f o r e the t h r e s h o l d 
pore s i z e only o c c u r s as an e f f e c t of the s h i e l d i n g of the 
l a r g e pores by s m a l l e r p o r e s . As such the t h r e s h o l d pore 
s i z e i s not t h e c a u s e of t h e p o i n t of i n f l e x i o n and so 
s h o u l d not be assumed as t h e most common pore s i z e . The 
p o i n t of i n f l e x i o n has been found to be the p o i n t where an 
i n f i n i t e c l u s t e r of mercury, spanning the sample, i s s e t up 
and t h u s i t t h e p o i n t where e l e c t r i c a l c o n d u c t i v i t y i s 
e s t a b l i s h e d a c r o s s the rock (Katz and Thompson, 1987). 
4) The main e x p e r i m e n t a l s o u r c e of e r r o r i s not a l l o w i n g 
enough time f o r e q u i l i b r i u m to t a k e p l a c e a t each p r e s s u r e 
i n t e r v a l . Although e a r l y l i t e r a t u r e s t a t e s t h a t "an e n t i r e 
curve may be determined i n 30-60 minutes" ( P u r c e l l , 1949), 
i t was found t h a t e q u i l i b r i u m can t a k e up t o h a l f an hour 
(o r longer) f o r each rea d i n g where a c o n s i d e r a b l e volume of 
mercury i s d i s p l a c e d . T h i s i s e s p e c i a l l y the c a s e d u r i n g 
secondary i m b i b i t i o n -
4.3 Experimental measurement of t o r t u o s i t y . 
4.3.1 I n t r o d u c t i o n 
The t o r t u o s i t y , T , of t h e sample i s d e f i n e d a s t h e 
a c t u a l d i s t a n c e t r a v e l l e d ( L ^ ) by a d i f f u s i n g s p e c i e s 
t h r o u g h t h e p o r e / t h r o a t n e t w o r k of t h e p o r o u s medium 
compared t o t h e s t r a i g h t l i n e d i s t a n c e ( L ) t h r o u g h t h e 
medium; 
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i.e-. T (4.2) 
L 
Two methods of measuring t o r t u o s i t y have been found i n 
the l i t e r a t u r e , 
a) From d i f f u s i o n experiments. Three d i f f e r e n t e q uations 
ar e documented:-
°eff = 2 l 2 ^ ( S a t t e r f i e l d , 1970) (4.3) 
T 
^ e f f = ^12 (MacDonald, 1989) (4.4) 
T 
^ e f f = 2 l ^ ^ B r a k e l , 1975) (4.5) 
where 0^^^ i s the d i f f u s i o n c o e f f i c i e n t of the gas through 
the sandstone, bulk d i f f u s i o n c o e f f i c i e n t of the 
gas i n t o another s p e c i f i e d gas and 0 i s the p o r o s i t y of the 
sample. 
b) From r e s i s t i v i t y measurements. 
The method t h a t was p r e f e r r e d (Chen, 197 3) i n v o l v e s the 
measurement of the formation f a c t o r , F, of the sandstone. 
T h i s was d e f i n e d by A r c h i e (1942) a s : - 'the r a t i o of t h e 
e l e c t r i c a l r e s i s t a n c e , R^, o f a s a m p l e s a t u r a t e d w i t h 
conduction b r i n e , to the r e s i s t a n c e , R^, of a volume of the 
p u r e b r i n e h a v i n g t h e same s i z e and s h a p e a s t h e r o c k 
sample'. 
Thus F = R-
The t o r t u o s i t y may then be found from the equation; 
= F0 ( C o r n e l l and Katz, 1953) (4.6) 
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E q u a t i o n s h a v ing s l i g h t l y d i f f e r e n t form have appeared i n 
t h e l i t e r a t u r e ( W y l l i e and R o s e , 1 9 5 0 a b , W y l l i e and 
S p a n g l e r , 1 9 5 2 ) , b u t t h e s e a r e b a s e d on a d i f f e r e n t 
d e f i n i t i o n of r (the square of the d e f i n i t i o n i n t h i s work) 
and a d i f f e r e n t c r o s s - s e c t i o n a l v o i d a r e a of t h e sample 
equal to the p o r o s i t y . To v e r i f y equation 4.6, c o n s i d e r the 
schematic porous medium shown i n f i g u r e 4.10. 
The p o r o s i t y , 0 i s d e f i n e d as the f r a c t i o n a l v o i d volume of 
the sample. I f the c r o s s - s e c t i o n a l a r e a of t h e medium i s A 
and X i s a f r a c t i o n of A such t h a t xA i s the sum of a l l the 
c r o s s - s e c t i o n a l a r e a s of s u r f a c e pores, then the volume of 
a l l p o r e s i s xA.L^. The volume o f t h e medium i s A.L. 
T h e r e f o r e , 
0 = xAL = X L 
AL L 
The r e s i s t a n c e of the medium s a t u r a t e d w i t h b r i n e s o l u t i o n 
i s , Bw-Le-
X A 
The r e s i s t a n c e of the b r i n e of the same dimensions as the 
sample i s , 
T h e r e f o r e F =^^q . A 
X A^ R^L 
= L - but X = <t> L 
X L LQ 
t h e r e f o r e F = L-1.1 
i . e . T 2 =F0 
E q u a t i o n 4.6 i s a l s o s u b s t a n t i a t e d a s c o r r e c t by B a r r e r 
(1953) . 
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F i g u r e 4.10 S c h e m a t i c p o r o u s medium sho w i n g a t o r t u o u s 
c a p i l l a r y c o n t a i n i n g b r i n e of r e s i s t i v i t y 
C r o s s - s e c t i o n a l a r e a 
of medium = A 
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A r c h i e measured t h e f o r m a t i o n f a c t o r .for s amples of 
v a r i o u s p o r o s i t i e s and d e r i v e d the e m p i r i c a l formula: 
F = 0"^ (4.7) 
where m was c a l l e d the cementation f a c t o r . He found m t o 
range between v a l u e s of 1.8 to 2.0 f o r c o n s o l i d a t e d samples. 
T h i s t h e n can g i v e a range of v a l u e s between which t h e 
t o r t u o s i t i e s should l i e . 
T o r t u o s i t y Range 
C l a s h a c (0 = 11.6%) 2.37 - 2.94 
Berea {<p = 20.3%) 1.89 - 2.22 
4.3.2 Method 
A diagram of the apparatus i s shown i n f i g u r e 4.11. 
1) Weigh the dry sample. 
2) S a t u r a t e s a m p l e w i t h 0.1 M K C l s o l u t i o n by t h e 
e v a c u a t i o n method p r e v i o u s l y o u t l i n e d . 
3) Dampen p i e c e s o f c i r c u l a r f i l t e r p a p e r ( o f same 
diameter as the s t a i n l e s s e l e c t r o d e s ) w i t h b r i n e s o l u t i o n . 
T h i s i s to provide a good c o n t a c t between the rough, uneven 
ends of the sample and the f l a t e l e c t r o d e s . . 
4) P l a c e sample between G-clamp and t i g h t e n as f a r a s 
p o s s i b l e but without u s i n g e x c e s s i v e f o r c e . 
5) Wipe away any e x c e s s K C l w i t h t i s s u e v e r y c a r e f u l l y 
from around the s i d e of the sample. T h i s i s to minimise the 
e f f e c t s of s u r f a c e conductance. I t was found t h a t w i t h o u t 
t h i s s t e p , a r t i f i c i a l l y high readings were obtained due to a 
t h i n s u r f a c e l a y e r of K C l . 
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to conductivity meter 
6) Take c o n d u c t i v i t y r e a d i n g . 
Then F R e s i s t i v i t y of s a t u r a t e d rock = 
R e s i s t i v i t y of b r i n e of same dimensions R„ 
Rw = Length of sample (1) 
X Area of Sample (A) 
where = C o n d u c t i v i t y of 0.1 M KCl s o l u t i o n x C o n d u c t i v i t y 
meter c e l l c o n s t a n t . 
where L^ -, = C o n d u c t i v i t y reading of s a t u r a t e d sample. 
T h e r e f o r e F = R^ = x A 
Note t h a t t h e same sample cannot be d r i e d out or e v a c u a t e d 
and then r e - s a t u r a t e d t o perform another formation f a c t o r 
measurement. T h i s i s because a s the sample d r i e s out, KCl 
s a l t s w i l l be l e f t i n the sample and w i l l r e d i s s o l v e when 
the sample i s r e - s a t u r a t e d and thus the b r i n e w i l l be of an 
unknown c o n c e n t r a t i o n . 
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4.3.3 R e s u l t s 
A sample c a l c u l a t i o n i s shown f o r a Berea sample. The r e s t 
of the r e s u l t s a r e t a b u l a t e d i n Table 4.1. 
Sample •BB3A. 
I n i t i a l weight = 14.6995 g 
F i n a l weight = 15.8460 g 
Weight i n c r e a s e = 1.'4650 g 
A 
Length = 1.39 cm 
Diameter = 2.5 cm 
Dens i t y of O.IM KCl = 1.0984 g / cm^ 
P o r o s i t y = 20.2 % 
i ) C a l c u l a t i o n of S a t u r a t i o n . 
Volume of v o i d space = TT x r' x le n g t h x <p 
= 1.378 cm^ 
Weight of v o i d i f 100 % s a t u r a t e d = 1.378 x d e n s i t y 
= 1.514 g 
Th e r e f o r e s a t u r a t i o n 
C o n d u c t i v i t y of O.IM KCl 
C o n d u c t i v i t y of sample 
F = 1.212 X 10 -2 _x_^__x 1.25 
= 1>1465 X 100 
1.514 
1.212 X 10~2 





2.26 X 10 -3 X 1.39 
r = ( F0 ) ^ 
= ( 18.94 X 0.202 ) ^ 
= 1.96 
7^ 
Table 4.1 Experimental t o r t u o s i t y Values 
Berea 1.96, 2.11, 1.97, 2.01. . 
C l a s h a c (3.26), ( 3 . 9 5 ) , 2.42, 2.45. 
4.3.4 D i s c u s s i o n 
The f i r s t two C l a s h a c r e s u l t s (3.26 and 3.95) were 
obtained when the technique was being developed and were due 
t o i n s u f f i c i e n t s a t u r a t i o n of t h e sample c a u s e d by not 
a l l o w i n g t h e s a m p l e s t o s o a k i n t h e b r i n e s o l u t i o n 
o v e r n i g h t . 
A l l t he r e s u l t s were o b t a i n e d a t s a t u r a t i o n s of 75%-
80%. At t h i s s a t u r a t i o n i t i s assumed t h a t t h e m a j o r 
p o r e / t h r o a t s y s t e m s a r e s a t u r a t e d and f u r t h e r s a t u r a t i o n 
w i l l not i n c r e a s e the c o n d u c t i v i t y of the samples a p p r e c i a -
b l y . However, t h e r e i s the p o s s i b i l i t y t h a t an u n s a t u r a t e d 
narrow pore may be p r e v e n t i n g a l a r g e r pore system which i t 
' c o n t r o l s ' from being s a t u r a t e d , t h u s r e d u c i n g the number 
of p o s s i b l e conducting pathways, r e s u l t i n g i n a low measured 
conductance and a h i g h t o r t u o s i t y v a l u e . Such an e f f e c t i s 
c o n s i d e r e d u n l i k e l y i n t h e p r e s e n t r o c k s a m p l e s a s t h e 
r e s u l t s f i t w e l l with the range of v a l u e s p r e d i c t e d from the 
A r c h i e equation. 
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4.4 Scanning E l e c t r o n Microscopy (8.E.M.) 
S.E.M. i s a method w h i c h a t i t s l i m i t s c a n v i e w 
m o l e c u l a r s c a l e s t r u c t u r e s . T h i s r e s o l u t i o n has not been 
r e q u i r e d i n t h i s s t u d y where t h e t e c h n i q u e has been used 
p u r e l y as a q u a l i t a t i v e method of measuring pore s i z e and 
c l a y c o n t e n t , and to get c l e a r v i s u a l i m p r e s s i o n s of the 
s t r u c t u r e s t o be m o d e l l e d . The g r e a t d e p t h o f f i e l d 
e x h i b i t e d by S.E.M. makes i t an i d e a l t o o l f o r t h e s e 
p u r p o s e s . S.E.M. has been used p r e v i o u s l y t o measure t h e 
pore c o n n e c t i v i t y of a sample, i . e . t h e number o f f l o w 
c h a n n e l s c o n n e c t e d to an i n d i v i d u a l pore (Weinbrandt and 
F a t t , 1969). However, t h i s has not been done i n t h i s s t udy 
due to the u n c e r t a i n t i e s i n v o l v e d . 
4.4.1 Theory 
The r e s o l v i n g power of a microscope depends u l t i m a t e l y 
on t h e wa v e l e n g t h X, of the r a d i a t i o n b e i n g employed and 
consequently the o p t i c a l microscope has a maximum r e s o l u t i o n 
of about 0.2Atm ( f o r l i g h t of wavelength 600nm. ) The e l e c t r o n 
microscope depends on the wave p a r t i c l e d u a l i t y of e l e c t r o n s 
as expressed by the de B r o g l i e Equation:- A = h/mv where 
h i s P l a n c k ' s c o n s t a n t , m i s the mass of an e l e c t r o n and v 
i s i t s v e l o c i t y . Now, i f an e l e c t r o n i s a c c e l e r a t e d through 
a p o t e n t i a l d i f f e r e n c e of V v o l t s , the energy imparted i s 
eV, w h e r e e i s t h e c h a r g e on t h e e l e c t r o n . T h i s i s 
e q u i v a l e n t to the k i n e t i c energy, hmV . Therefore, mv=y2eV. 
The wavelength of the a c c e l e r a t e d e l e c t r o n i s thus, 
A = h 
y2eV 
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For an e l e c t r o n microscope employing an a c c e l e r a t i n g v o l t a g e 
of 80 kv, the wavelength of the e l e c t r o n s i s 0.0043 nm thus 
g i v i n g a very g r e a t r e s o l v i n g power. The t h e o r e t i c a l l i m i t 
i s about 0.001 nm, but i n p r a c t i c e , t h e l i m i t i s n e a r e r 
0.5nm due to t e c h n i c a l problems of s t a b i l i s i n g high t e n s i o n 
s u p p l i e s and l e n s a b e r r a t i o n s . 
During the proc e s s of S.E.M., a f i n e beam of e l e c t r o n s 
s c a n s a c r o s s the sample i n p a r a l l e l t r a c k s . T h i s produces 
secondary e l e c t r o n s , back s c a t t e r e d e l e c t r o n s and c h a r a c t e r -
i s t i c X - r a y s f r o m t h e s a m p l e s u r f a c e . The maximum 
r e s o l u t i o n f o r these microscopes i s about 5 nm but the major 
advantage of the S.E.M, i s the g r e a t depth of f i e l d which 
can be achieved g i v i n g appearance of a 3 dimensional image. 
The S.E.M. used i n t h i s study was the JEOL JSM-T20 which has 
an a c c e l e r a t i n g v o l t a g e of 19 kV, a maximum r e s o l u t i o n of 20 
nm and a secondary e l e c t r o n d e t e c t o r . E l e c t r o n microscopy 
was used to e s t i m a t e pore s i z e , c l a y c o n t e n t and degree of 
s o r t i n g of the Berea and C l a s h a c samples. The micrographs 
can be seen i n f i g u r e s 4.12-4.17. I t can be seen from t h e s e 
f i g u r e s t h a t both samples a r e w e l l s o r t e d , but t h e Be r e a 
c o n t a i n s much more c l a y . The maximum pore diameter f o r both 
s a m p l e s i s a r o u n d 150 - 200 /im. F o r a m i n e r a l o g i c a l 
a n a l y s i s a b a c k - s c a t t e r e d e l e c t r o n d e t e c t o r g i v e s b e t t e r 
d i f f e r e n t i a t i o n between m i n e r a l s , but t h i s d e t e c t o r was not 
a v a i l a b l e a t the time. 
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F i g u r e 4.12 Berea 
\000ju 
F i g u r e 4.13 Berea 
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F i g u r e 4.14 Berea 
•? !=i K U 0 0 05 1 0 0 0U PPEMU 
F i g u r e 4.15 Clashac 
0 0 0 1 100.01.1 PPEMU '5KU 
F i g u r e 4.16 Clashac 
1 0 . 0 I J PPENU 
F i g u r e 4.17 Clashac 
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4.5 S u r f a c e Area measurement. 
The s u r f a c e a r e a (S) of a sandstone i s i n d i c a t i v e of 
the s u r f a c e roughness of the sandstone p a r t i c l e s t h a t make 
up the rock. The roughness i s due mainly t o c l a y m i n e r a l s 
p r e s e n t on the s u r f a c e of sand g r a i n s , forming pore l i n i n g s , 
o r l o o s e l y a t t a c h e d c l a y s o c c u p y i n g p o r e s and t h r o a t s 
p o s s i b l y forming blockages (Morris and Shepperd, 1 9 8 2 ) . 
The g r a v i m e t r i c technique (Glasson, 1 9 5 6 ) of Brunauer, 
Emmettand T e l l e r (BET) n i t r o g e n a d s o r p t i o n (Brunauer e t a l . , 
1 9 3 8 ) was used t o measure S. T h i s t e c h n i q u e i s based upon 
the f a c t t h a t when a s o l i d i s exposed i n a c l o s e d space to a 
g a s o r v a p o u r a t a d e f i n i t e p r e s s u r e , t h e s o l i d w i l l 
commence t o a d s o r b t h e g a s . T h i s c o n t i n u e s u n t i l t h e 
p r e s s u r e reduces to a c o n s t a n t v a l u e and the weight of the 
s o l i d i n c r e a s e s t o a c o n s t a n t v a l u e . T h i s p r o c e s s i s 
d e s c r i b e d by the BET equation :-
P = 1 + c - 1 P_ ( 4 . 8 ) 
^(Po-P) ' Po 
where X i s the amount of gas adsorbed per gram of adsorbent 
a t p r e s s u r e P, P^ i s the s a t u r a t e d vapour p r e s s u r e of the 
adsorbate, C i s a c o n s t a n t and X^ i s the monolayer c a p a c i t y . 
T h i s i s the q u a n t i t y of adsorbate which can be accommodated 
i n a c o m p l e t e l y f i l l e d , s i n g l e l a y e r of m o l e c u l e s on t h e 
s u r f a c e of the s o l i d . A d e r i v a t i o n of the B.E.T. e q u a t i o n 
and the a s s u m p t i o n s i n v o l v e d a r e g i v e n by Gregg and S i n g 
( 1 9 6 7 ) . A p l o t of P / X ( P Q - P ) v e r s u s P/PQ g i v e s a s t r a i g h t 
l i n e of slope ( c - l ) / X ^ c and a y - a x i s i n t e r c e p t of The 
a d d i t i o n of the s l o p e and the i n t e r c e p t g i v e s l/X^j^. From a 
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knowledge of the monolayer c a p a c i t y , the s u r f a c e a r e a of the 
sample may be c a l c u l a t e d simply by the a d d i t i o n of the a r e a 
occupied by each adsorbate molecule. 
S=X^xUxh^x 10"20 (4 9j 
M 
where i s i n grams of ad s o r b a t e p e r gram of sample, M i s 
t h e m o l e c u l a r w e i g h t o f t h e a d s o r b a t e , N i s Avogadro•s 
number and is t h e a r e a i n A n g s t r o m s o c c u p i e d by a 
molecule of a d s o r b a t e . S i s i n u n i t s of m^/g. The d e s c r i p -
t i o n of the B.E.T. apparatus used and i t s mode of o p e r a t i o n 
i s g i v e n by Adams (1988). 
4.5.1 R e s u l t s 
A s u r f a c e a r e a was measured f o r C l a s h a c and Berea samples 
and the f o l l o w i n g r e s u l t s obtained. 
C l a s h a c (sample A) S = 0.37mV9 
Berea (sample BBIA) S = 8 .12mVg-
4.5 .2 D i s c u s s i o n 
As expected the s u r f a c e of C l a s h a c sandstone was low 
i n d i c a t i n g t h a t i t i s e s s e n t i a l l y composed of c l e a n smooth 
sand p a r t i c l e s . The s u r f a c e a r e a o f t h e pure sand can be 
c a l c u l a t e d a s f o l l o w s : -
Assuming the sandstone to be non-porous and the g r a i n shape 
t o be c u b i c , then 
S / v o l = eLVL"^ = 6/L where L i s the s i d e of 
the cube. T h i s r e l a t i o n s h i p i s a l s o o b t a i n e d i f t h e g r a i n 
s h a p e i s a s s u m e d t o be s p h e r i c a l when L i s t h e n t h e 
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e q u i v a l e n t s p h e r i c a l diameter. 
T h e r e f o r e S = 6M/d.L where M i s the mass and d i s the 
d e n s i t y of the sand (2.65 g/cm-^) . 
L = 6M/d.S 
For a s u r f a c e a r e a of I m V g (lOOOOcmVg). then 
L = 6 x 1 = 2.26/im 
2.65 X 10000 
Ta k i n g an average g r a i n s i z e of 30Q^m, then a s the s u r f a c e 
a r e a i s i n v e r s e l y p r o p o r t i o n a l to the g r a i n s i z e , 
S = 1 X 2.26/300 = 0.0075 mVg 
The s u r f a c e a r e a of K a o l i n i t e ( w h i c h i s u s e d a s a 
t y p i c a l e x a m p l e ) i s a p p r o x i m a t e l y 12 m^/g. T h e r e f o r e 
a s s u m i n g a l l t h e s u r f a c e a r e a i s due t o t h e c l a y , an 
e s t i m a t e o f t h e maximum c l a y c o n t e n t of C l a s h a c A can be 
made a t .37/12 x 100 = 3%. 
The v a l u e of 8.12 mVg f o r Berea shows a l a r g e i n c r e a s e 
over t h e v a l u e of pure sand and t h i s i s due to the h i g h e r 
c l a y c o n t e n t . On t h e same b a s i s a s b e f o r e t h i s w o u l d 
i n d i c a t e t h a t t h e sample was made up of 67% c l a y . T h i s 
p r o p o r t i o n seemed v e r y h i g h and was due t o u s i n g K a o l i n i t e 
as the assumed c l a y m i n e r a l . For example i f t h e c l a y p r e s e n t 
was i l l i t e w i t h a s u r f a c e a r e a of about 70 m^/q, then t h e 
amount of c l a y would be c a l c u l a t e d a s 11.6%. T h e r e f o r e to 
draw any c o n c l u s i o n s a s to the amount of c l a y i n t h e Berea 
from s u r f a c e a r e a measurements, the c l a y m i n e r a l s f i r s t had 
to be i d e n t i f i e d . T h i s i s d e s c r i b e d i n s e c t i o n 4.7.2. F i r s t 
t h e c l a y had t o be s e p a r a t e d from t he bu l k of the sample. 
83 
4•6 P r e p a r a t i o n o f c l a y s a m p l e s f o r i d e n t i f i c a t i o n by 
sedimentation. 
To a c h i e v e a good a n a l y s i s by X-ray d i f f r a c t i o n (XRD), 
the c l a y p o r t i o n had t o be s e p a r a t e d from the r e s t of t h e 
sample. ( C o n c e n t r a t i o n s of c l a y s o f l e s s t h a n 5% g i v e a 
s m a l l response, i n d i s t i n g u i s h a b l e from the b a s e l i n e ) . 
T h i s was achieved by a sedimentation technique based on 
Stokes' Law. T h i s d e s c r i b e s the t e r m i n a l f a l l v e l o c i t y of a 
sphere i n a f l u i d and i s of the form, 
F = Sirr^iv (4.10) 
where F i s the v i s c o u s r e s i s t a n c e to f a l l , r i s the r a d i u s 
of the sphere (cm), ^ i s the v i s c o s i t y of the f l u i d ( p o i s e = 
dyne sec/cm') and v i s the f a l l v e l o c i t y (cm/sec). 
T h i s i s equal to N, the f o r c e of g r a v i t y on the sphere 
minus the buoyant f o r c e of the f l u i d . 
N = 4/3(7rr^dgg) - 4 / 3 ( 7 r r ^ d f g ) 
where dg i s the d e n s i t y of the sphere, d^ i s the d e n s i t y of 
t h e f l u i d and g i s t h e a c c e l e r a t i o n due t o g r a v i t y . 
T h e r e f o r e 
67rr/iv = 4/3(7rr^dgg) - 4/3(7rr^dfg) 
which s i m p l i f i e s to v=CD^ where D i s the diameter of the 
sphere and C = (dg -d^)q/18^ 
I f t h i s i s a p p l i e d to s e t t l i n g of sedimentary p a r t i c l e s 
"in a column of d i s t i l l e d water, then v=X/t where X i s the 
depth s e t t l e d (cm) and t i s the time ( s e c o n d s ) . T h e r e f o r e , 
X/t = CD^ (4.11) 
V a l u e s of C a t v a r i o u s t e m p e r a t u r e s a r e t a b u l a t e d ( C a r v e r , 
1 9 7 1 ) . T h u s c e r t a i n s i z e f r a c t i o n s may be c o l l e c t e d 
8^ 
dependent on sampling depth and time. 
S t o k e s ' Law cannot be a p p l i e d i n d i s c r i m i n a t e l y to a l l 
p a r t i c l e s s e t t l i n g i n a f l u i d . T h i s i s f u l l y d i s c u s s e d by 
C a r v e r (1971) and he shows t h a t S t o k e s ' Law i s e s s e n t i a l l y 
v a l i d i n the range of s i l t and c l a y s i z e d p a r t i c l e s ( v a l i d 
from l e s s than 63|im down to about 0.3Mm). 
4.6.1 S e p a r a t i o n of c l a y f r a c t i o n from sand. 
Before the s e t t l i n g a n a l y s i s can t a k e p l a c e the c l a y 
has to be separated from the sand and then d i s p e r s e d so t h a t 
t h e c l a y p a r t i c l e s a r e i n d i v i d u a l e n t i t i e s a n d n o t 
aggregates caused by f l o c c u l a t i o n . T h i s was c a r r i e d out as 
f o l l o w s : -
1. 4g of sample BBIA was broken up i n t o s m a l l f r a g m e n t s 
t a k i n g c a r e not t o c r u s h t h e q u a r t z g r a i n s (which would 
cause e r r o r i n the Stokes s e t t l i n g v e l o c i t y ) . 
2. T h i s was p l a c e d i n a b o i l i n g tube and immersed i n 1 M 
HCl. The b o i l i n g tube was then p l a c e d i n a s o n i c bath f o r 
two hours. 
3. The b o i l i n g tube was attached to a s o n i c f i n g e r f o r one 
hour to break up any remaining rock fragments. 
4. The d i s i n t e g r a t e d s a n d s t o n e was t h e n washed i n t o a 
c e n t r i f u g e tube w i t h d i s t i l l e d w a t e r and c e n t r i f u g e d f o r 
f i v e minutes a t 2500 rpm. The c l e a r s u p e r n a t a n t was then 
decanted- The sample was then washed w i t h d i s t i l l e d water 
and c e n t r i f u g e d again. 
5. The d i s p e r s i n g agent, Calgon, was p r e p a r e d . For a 5% 
s o l u t i o n , 12.5 g of sodium hexametaphosphate and 1.75 g of 
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sodium carbonate were d i s s o l v e d i n d i s t i l l e d water. 
6 ml of 5% Calgon were t h e n added t o t h e sample and 
t h i s was g e n t l y b o i l e d on a h o t - p l a t e f o r 25 - 30 minutes. 
The d i s p e r s a l procedure should r e s u l t i n the replacement of 
a l l exchangeable c a t i o n s h e l d by the c l a y w i t h sodium i o n s 
and the removal of other ions t h a t h i n d e r d i s p e r s a l . 
The s e t t l i n g experiment was then c a r r i e d out and two 
s i z e f r a c t i o n s were c o l l e c t e d : 
1. l e s s than 4 urn. T h i s i s the c l a s s i c a l s i z e l i m i t f o r 
c l a y s . 
2. l e s s than 20 ^m. T h i s i s the s i z e of the c l a y s and s i l t s 
seen i n the e l e c t r o n micrographs. 
4.6.2 Stokes' Law sedimentation method. 
The d i s p e r s e d sample, a f t e r i t had e q u i l i b r a t e d t o room 
temperature, was t r a n s f e r r e d to a 250 ml measuring c y l i n d e r . 
The m e a s u r i n g c y l i n d e r was s h a k e n f o r t h r e e m i n u t e s t o 
t h o r o u g h l y mix t h e s e d i m e n t . A s t o p w a t c h was s t a r t e d 
immediately a f t e r the l a s t shake. A sample of the < 3.9 
f r a c t i o n was t a k e n by p i p e t t i n g a l l t h e l i q u i d above a 
c e r t a i n depth a t the time s p e c i f i e d by Stokes' Law: 
i . e . t = ^ = 5 
. CD2 9198 X (3.9 X 10 '^)2 
= 3562.9 s = 59.4 minutes 
f o r a p i p e t t i n g depth of 5 cm. 
T h i s was t h e n r e p e a t e d f o r a s a m p l e o f t h e 20/im 
f r a c t i o n . . T h e s e s a m p l e s w e r e t h e n d r i e d i n an o v e n 
o v e r n i g h t a t 110°C and then used f o r XRD a n a l y s i s and BET 
a n a l y s i s . The sand f r a c t i o n was a l s o c o l l e c t e d by s i e v i n g 
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the remaining sample through a 63 ;im mesh and r e t a i n i n g what 
was c a u g h t i n t h e mesh. T h i s was d r i e d , r e a d y f o r BET 
measurement. 
4.6.3 Q u a n t i t a t i v e a n a l y s i s of c l a v content. 
The procedure o u t l i n e d i n S e c t i o n 4.6.2 was repeated on 
a s m a l l weighed c h i p of sample BBIA i n o r d e r t o make an 
es t i m a t e of c l a y content. 
R e s u l t s 
Mass of o r i g i n a l sample = 0.1916 g 
Mass of evaporation d i s h 1 = 71.5505 g 
Mass of evaporation d i s h 1 + < 20 f r a c t i o n = 71.8093g 
Mass of evaporation d i s h 2 = 73.2675 g 
Mass of evaporation d i s h 2 + 6 ml of evaporated 
Calgon = 73.6968 g 
Mass of Calgon = 0.4293 g 
T h i s mass of Calgon was d i s p e r s e d i n a 100 ml measuring 
c y l i n d e r of which 50 ml was p i p e t t e d out. 
Hence, mass of Calgon i n < 20 /xm f r a c t i o n = 0.2146 g 
Mass of < 20 /xm f r a c t i o n = 71.8093 - 71.5505 - 0.2146 
= 0.0442 
Mass of clay/gram i n sample = 0.0442 x (1/0.1916) 
= 0.23 g/g 
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4-7 I d e n t i f i c a t i o n of C l a v Mineralogy of Berea 
4.7-1 E l e c t r o n Tnicroscopy 
From an i n s p e c t i o n o f t h e e l e c t r o n m i c r o s c o p e 
photographs, K a o l i n i t e can be i d e n t i f i e d from i t s d i s t i n c t 
s t a c k e d p l a t e l e t formation- A c l a y i s d e f i n e d a s 
being l e s s t han 4 i n s i z e - Although the c l a y p l a t e s i n 
the micrographs are c l e a r l y l a r g e r than t h i s a t around 10 -
•-
20 /im (and c o n s e q u e n t l y one might conclude t h a t the p l a t e s 
a r e not K a o l i n i t e ) , t h i s i s due to the f a c t t h a t a u t h i g e n i c 
k a o l i n may grow to s i z e s of 20 - 30 /im ( C a s w e l l , 1989)-
4.7.2 X-Rav D i f f r a c t i o n fX.R.D.) 
F u r t h e r i d e n t i f i c a t i o n was a c h i e v e d by XRD. The 
d i f f r a c t i o n p r o c e s s i s governed by Bragg's Law:-
n X = 2 d s i n e w h e r e A i s t h e x - r a y 
wavelength, d i s the i n t e r c r y s t a l l a t t i c e plane d i s t a n c e , 9 
i s t h e a n g l e o f i n c i d e n c e o f t h e X - r a y beam an d 
n=l,2,3...(the order of the r e f l e c t i o n ) . 
As a sample i s scanned, the i n t e n s i t y of the d i f f r a c t e d 
x - r a y beam changes w i t h t h e a n g l e of i n c i d e n t X - r a y s t o 
produce peaks a t c h a r a c t e r i s t i c angles f o r a p a r t i c u l a r c l a y 
m i n e r a l . E x p e r i m e n t a l d i f f r a c t i o n p a t t e r n s c a n t h e n be 
compared t o r e f e r e n c e d i f f r a c t i o n p a t t e r n s t o i d e n t i f y t he 
sample-
The d i f f r a c t i o n p a t t e r n o f a s a m p l e o f t h e B e r e a 
mounted as a fragment gave l i m i t e d information- T h i s was due 
to the a-quartz peak being very s t r o n g and masking any other 
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peaks as shown i n f i g u r e 4.18. Assignment of the main peaks 
i s shown below:-
d-sDacina/A anale/26 assianment 
15.5-16.2 5.46-5.70 mo n t m o r i l l o n i t e 
4.25 20.88 a-quartz 
3.78 23.53 mo n t m o r i l l o n i t e 
3.34 26.66 a-quartz 
2-90 30.76 mo n t m o r i l l o n i t e 
2.45 36-54 a-quartz 
2.28 39.49 a-quartz 
2.24 40-33 mo n t m o r i l l o n i t e 
2.13 42.47 a-quartz 
The d i f f r a c t i o n p a t t e r n of t h e 20/im>fraction>4/im i s 
shown i n f i g u r e 4.19. P r i o r t o mounting, t h e sample was 
ground i n a p e s t l e and mortar w i t h a l i t t l e d i s t i l l e d water 
to form a p a s t e . T h i s gave a more d e f i n e d t r a c e than running 
the sample as a dust or a fragment. Assignment of the main 
peaks i s shown below. 
89 
r • l u i n m i n r . i n i i F 
m i l L T D - v n i . u r . GUI m i s 
7'J 
2-J. an J a 4 1 V t i 
rr. . 11 u 130 I - I t 
•: 7 702 
3 -.J 00 71«>: 
- • v . . l i , . * 3 oro/ P-U 
;••<. • /6V r r 
j i i . 2 j i b 6 .As-
<!';- 2 • 1. • •> 
J".'. : ' j n 2 2 "71 .1 / I - I 




26 2 ^ 38 
_JL. 3fr 30 11 20 IB 
F i g u r e 4.18 X.R.D. t r a c e of Berea as a rock fragment 
V . 4-0 
r.\ ^::* 7 . I I T P 7-6 7 
1 7.02n 4 , 9 ; I tr.p 
( 9 . "Vi 'H t . 4 : > 6 t 1 9 4 
4 . 4"-l 
z. 7 V I 9 ' J ' . ' ' -
z 
•.•t. 7 : 'n z 
3 1 . 7 0 .* 1 '-• 
? " 4 
7 7. 01 '_' 7 9 ' . ' 
2 104 
i*0 30 34 J2. JO 28 26 It*. 21 20 
F i g u r e 4.19 X-R.D. t r a c e c l a y f r a c t i o n >4/ini and <20^m 
d-SDacinq/A anale/2e assignment 
15 '5.6 m o n t m o r i l l o n i t e 
9.9 8.9 muscovite 
7.11 12.43 k a o l i n i t e 
4.97 17.83 muscovite 
4.24 20.94 a-quartz 
3.56 24.97 k a o l i n i t e 
3.33 26.73 a-quartz 
3.23 27.54 p l a g i o c l a s e f e l d s p a r 
2.37 37.82 k a o l i n i t e 
4.7.3 C o n c l u s i o n s 
The Berea sample i s composed mainly of q u a r t z ( S i 0 2 ) . 
The m a j o r i t y of the c l a y m i n e r a l s a r e made up of k a o l i n i t e 
and muscovite a s shown by t h e i r i n t e n s e r e f l e c t i o n s . There 
i s a l e s s e r amount of mon t m o r i l l o n i t e and a s m a l l p r o p o r t i o n 
of f e l d s p a r s . T h e r e f o r e t h e measured s u r f a c e a r e a o f t h e 
Berea sample was due t o t h e s e c l a y s , but lowered from t he 
s u r f a c e a r e a of the pure c l a y s by the l a r g e p r o p o r t i o n of 
qu a r t z . The s u r f a c e a r e a s of the i n d i v i d u a l components a r e : -
a-quartz 0.0075 mVg 
k a o l i n i t e '12m^/g 
muscovite '30m^/q 
montmorillonite '40m^/g 
Ther e f o r e , assuming the sample i s made up of 50% K a o l i n , 25% 
muscovite and 25% mon t m o r i l l o n i t e . Then, 
S = 12 X .5 + 30 X .25 + 40 X .25 
= 23.5 m^/g 
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B.E.T, s u r f a c e a r e a s of t h e s e p a r a t e s i z e f r a c t i o n s were 
measured a s a check of the above c o n c l u s i o n s and the r e s u l t s 
a r e shown below:-
< 20/Lim f r a c t i o n ( c l a y ) S = 21.34m' /a 
> 63Min f r a c t i o n (sand) S = 3.4 5m' /a ( t h i s i s 
g r e a t e r than t h e t h e o r e t i c a l v a l u e f o r pure sand due t o a 
s u r f a c e c o a t i n g o f c l a y s w h i c h c a n n o t be removed by 
s o n i c a t i o n - ) 
The q u a n t i t y o f c l a y i n t h e s a m p l e was m e a s u r e d 
g r a v i m e t r i c a l l y as 0.23g/g sample, i . e . 23% c l a y . T h e r e f o r e , 
S = 21.34 X 0.23 + 3.45 X .77 
= 7.56m'/g 
The m e a s u r e d v a l u e o f S f o r t h e c l a y f r a c t i o n 
(21.34m'/9) a g r e e s w e l l w i t h t h e t h e o r e t i c a l S c a l c u l a t e d 
from t he d i f f e r e n t c l a y p r o p o r t i o n s (23.5m'/g), j u s t i f y i n g 
the assumption of t h e s e p r o p o r t i o n s . A l s o , the c a l c u l a t e d S 
of t h e sample (7.56m'/g), based on the measurement of t h e 
perc e n t c l a y i n the sample agrees w e l l w i t h the a c t u a l S of 
the sample (8.12m'/g). T h i s agreement i s somewhat f o r t u i t o u s 
c o n s i d e r i n g t h e f r a c t i o n >20^m and <63|xm h a s n o t been 
i n c l u d e d i n t h e c a l c u l a t i o n . However t h e measurement of 
0.23g/g c l a y c o n t e n t o f t h e s a m p l e i s n o t c o n s i d e r e d 
a c c u r a t e due t o e r r o r s a s s o c i a t e d w i t h t h e s e d i m e n t a t i o n 
t e c h n i q u e . The t r u e c l a y c o n t e n t p r o b a b l y l i e s between 
0.23g/g and 0,46g/g. 
To s u c c e s s f u l l y model t h e s u r f a c e a r e a , t h e r e f o r e 
r e q u i r e s a method of i n t r o d u c i n g s u r f a c e roughness t o the 
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model pores and t h r o a t s dependent upon which c l a y x a i n e r a l s 
a r e p r e s e n t i n the sample and t h e i r p r o p o r t i o n s . As w i l l be 
d e s c r i b e d i n C h a p t e r 5, t h i s i n t r o d u c t i o n o f s u r f a c e 
roughness i n t o the model proved to be the one c h a r a c t e r i s t i c 
of t he sandstone which c o u l d not be modelled s u c c e s s f u l l y 
without the need f o r e m p i r i c a l f i t t i n g f a c t o r s . 
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CHAPTER 5 DEVELOPMENT OF THE COMPUTER MODEL OF 
A SANDSTONE. 
The aim of t h e computer model i s t o be a r e a l i s t i c 
p h y s i c a l r e p r e s e n t a t i o n of t h e s a n d s t o n e on a pore s c a l e 
u s i n g r e a l pore d i m e n s i o n s and t o g e n e r a t e p r e d i c t i o n s 
which d e r i v e n a t u r a l l y from t h e s e dimensions. 
Although i t i s v i r t u a l l y i m p o s s i b l e to mimic e x a c t l y a 
r o c k ' s s t r u c t u r e due to i t s random n a t u r e , a model must.be 
a b l e to q u a n t i f y the e s s e n t i a l f e a t u r e s of a sandstone i n an 
u n d e r s t a n d a b l e g e o m e t r i c way. T h e s e f e a t u r e s a r e t h e 
p o r o s i t y , s u r f a c e a r e a , pore s i z e d i s t r i b u t i o n ( p . s . d . ) , 
t o r t u o s i t y , average pore c o n n e c t i v i t y ( a . p . c . ) and s p a t i a l 
a r r a n g e m e n t of p o r e s t o g i v e t h e c o r r e c t p o r e / t h r o a t 
r a t i o , and c a p i l l a r y p r e s s u r e c h a r a c t e r i s t i c s . The p.s.d. 
and t h e average pore c o n n e c t i v i t y a r e the b a s i c p r o p e r t i e s 
of a porous medium from which the r e s t of these c h a r a c t e r i s -
t i c s stem so i t i s e s s e n t i a l t h a t t h e s e p a r a m e t e r s a r e 
c o r r e c t . To t h i s end a computer program has been developed 
u s i n g FORTRAN 77. 
5.1 Summary o f t h e h i s t o r i c a l development o f models t o 
d e s c r i b e porous media. 
The f i r s t problem e n c o u n t e r e d i n s e t t i n g up a 
model i s what type of model and what type of pore geometry 
to use. There have been many models suggested over the y e a r s 
i n t h e l i t e r a t u r e , eg. bundles of c a p i l l a r y t u b es, sphere 
pack models, and network models. A good r e v i e w of such 
models can be found i n a paper by Van B r a k e l (1975). 
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The f i r s t models used to study porous media were s o l i d 
s p h e r e s packed t o g e t h e r , but the geometry of the i n t e r n a l 
s u r f a c e of t h e s e s t r u c t u r e s proved t o be too c o m p l i c a t e d . 
Indeed, the f i r s t model i n v e s t i g a t e d i n t h i s r e s e a r c h was a 
system of i n t e r s e c t i n g spheres, where the spheres r e p r e s e n t -
ed the hollow pores and not the s o l i d matrix. Throats were 
modelled as the i n t e r s e c t i o n of the pores w i t h the s i z e of 
t h r o a t s d e p e n d i n g on t h e d e g r e e of i n t e r s e c t i o n o f t h e 
s p h e r e s . T h i s l e d to problems of l a r g e pores ' e n g u l f i n g ' 
s m a l l e r pores as the i n t e r s e c t i o n i n c r e a s e d . E v e n t u a l l y , 
t h i s was d i s c a r d e d due to the complexity of the pore space. 
The n e x t h i s t o r i c a l development was t o r e d u c e t h e 
c o m p l e x i t y by u s i n g b u n d l e s of t u b e s t o model c a p i l l a r y 
p o r e s . T h i s a l l o w e d r i g o r o u s d e r i v a t i o n s of e q u a t i o n s t o 
d e s c r i b e t h e f l o w p r o p e r t i e s of p o r o u s media u s i n g a 
h y d r a u l i c r a d i u s but f a i l e d t o model r e a l p r o p e r t i e s of 
porous media e.g. h y s t e r e s i s between drainage and i m b i b i t i o n 
of w e t t i n g phase. 
The fundamental drawback of such models i s t h a t t h e r e 
i s no i n t e r - c o n n e c t i o n between t u b e s . Thus flow can t a k e 
p l a c e i n one d i r e c t i o n only whereas r e a l porous media a r e i n 
g e n e r a l more i s o t r o p i c i . e . t h e i r p r o p e r t i e s do not depend 
so c r i t i c a l l y on o r i e n t a t i o n . 
D e s p i t e t h i s d i s a d v a n t a g e the c a p i l l a r y bundle model 
has r e t a i n e d i t s p o p u l a r i t y because of i t s ease of use. T h i s 
model has been r e p e a t e d l y used to c a l c u l a t e p.s.d.'s from 
mercury p o r o s i m e t r y c u r v e s and c o n s e q u e n t l y t h e s e p.s.d.'s 
are almost c e r t a i n l y erroneous. R e c e n t l y a g e n e r a l method of 
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c o r r e c t i n g porosimetry data to a l l o w f o r the network e f f e c t s 
o f t h e p o r o u s media h a s been s u g g e s t e d ( C o n n e r e t a l , 
1988b). 
As a r e s u l t of the inadequacies i n the bundles of tubes 
model, network models were i n t r o d u c e d by F a t t ( 1 9 5 6 ), and 
t h e s e a r e now a c c e p t e d as the most r e a l i s t i c models. They 
c o n s i s t of 2-D and 3-D networks of i n t e r s e c t i n g c a p i l l a r y 
t ubes, and more r e a l i s t i c a l l y model the p r o p e r t i e s of r e a l 
porous media without the need f o r e m p i r i c a l f a c t o r s which 
have plagued p r e v i o u s equations. I t has been s a i d t h a t "the 
use of t h i s model e l i m i n a t e s the 'bugger f a c t o r ' , sometimes 
c a l l e d t o r t u o s i t y , which i s used to make t h e t h e o r e t i c a l 
c a l c u l a t i o n s on the bundles of tubes model f i t experimental 
d a t a " ( d i s c u s s i o n to F a t t , 1956). A network model i s the 
t y p e u s e d i n t h i s s t u d y and i t h a s shown t h a t t h e 
' t o r t u o s i t y * has a p h y s i c a l s i g n i f i c a n c e g r e a t e r than j u s t 
being a f i t t i n g f a c t o r . 
R e c e n t n e t w o r k m o d e l s t o be p u b l i s h e d h a v e u s e d 
mathematical f u n c t i o n s (Diaz e t a l . , 1987) and random number 
g e n e r a t o r s (MacDonald, 1989) to produce a d i s t r i b u t i o n of 
pore s i z e s . T h i s r e s e a r c h has used a p.s.d. measured from 
the a c t u a l sample so as to be a more r e a l i s t i c r e p r e s e n t a -
t i o n of the rock. Other models have used p e r c o l a t i o n theory 
f i r s t proposed by Broadbent and Hammersley (1957) t o model 
s a n d s t o n e s ( C h a t z i s and D u l l i e n , 1 9 7 7 ) . C h a n d l e r e t a l , 
( 1 9 8 2 ) u s e d p e r c o l a t i o n t h e o r y t o d e s c r i b e c a p i l l a r y 
displacement, without d e l v i n g i n t o the d e t a i l s of i n t e r f a c e 
motion i n an i r r e g u l a r geometry. These p e r c o l a t i o n models 
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do not a s s i g n s i z e s to pores and t h r o a t s , but i n s t e a d a bond 
of the network r e p r e s e n t s a t h r o a t and a pore i s r e p r e s e n t e d 
as a p o i n t node a t the connection of t h r o a t s . Any bond then 
has a c e r t a i n p r o b a b i l i t y of being open or c l o s e d ( i e . bond 
p e r c o l a t i o n ) where flow w i l l or w i l l not occur through t h a t 
bond. As no s i z e i s a s s i g n e d t o t h e bond, t h e r e i s no 
magnitude of flow. C h a t z i s and D u l l i e n (1977) found t h a t 
f o r i n f i n i t e l y deep networks P^Z = 2 and P^Z = 1.5 f o r 2D 
and 3D networks r e s p e c t i v e l y where i s the p r o b a b i l i t y of 
open bonds when a c o n n e c t e d r o u t e t h r o u g h t h e medium i s 
f i r s t a c h i e v e d (the p e r c o l a t i o n t h r e s h o l d ) and Z i s the pore 
c o o r d i n a t i o n number. O t h e r models a p p l y i n g p e r c o l a t i o n 
p r o c e s s e s t o network models i n c l u d e Yanuka e t a l . ( 1 9 8 6 ) , 
Neimark (1984) and Wall and Brown (1981). 
5. 2 D e s c r i p t i o n of proqreun 
The b a s i s of t h e computer model i s a 3 - d i m e n s i o n a l , 
10x10x10 a r r a y of cubes j o i n e d by a network of c y l i n d e r s i n 
the t h r e e p e r p e n d i c u l a r d i r e c t i o n s along x, y and z a x e s . 
The cubes, o c c u r r i n g a t t h e i n t e r s e c t i o n of t h e c y l i n d e r s , 
r e p r e s e n t pores, and the c y l i n d e r s themselves r e p r e s e n t the 
openings or t h r o a t s between the p o r e s . The model i s s i m p l e 
enough t o be m a t h e m a t i c a l l y u s a b l e but i s a l s o r e a l i s t i c 
enough t o model the p r o p e r t i e s of r e a l sandstones. 
The program i s s p l i t i n t o t h r e e main s e c t i o n s : - 1) the 
main body of t h e program which s e t s up the model, c o n t a i n s 
s u r f a c e a r e a and p o r o s i t y c a l c u l a t i o n s and the g r a p h i c s , 2) 
a m e r c u r y p o r o s i m e t r y s i m u l a t i o n , and 3) a t o r t u o s i t y 
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c a l c u l a t i o n . These t h r e e s e c t i o n s w i l l now be e x p l a i n e d . 
5.2.1 Main body of program. 
I n t h i s s e c t i o n t h e d i a m e t e r s o f a l l t h r o a t s a r e 
e n t e r e d and a complete d e s c r i p t i o n of pore s i z e , t h r o a t 
r a d i u s , t h r o a t length, pore p o s i t i o n ( i n x,y,z c o o r d i n a t e s ) , 
pore number ( L = l t o 1000) and n e i g h b o u r i n g pore number i s 
made. 
I n i t i a l l y 100 t h r o a t diameters a r e entered, e s t i m a t e d 
from an i n s p e c t i o n of t h e m e r c u r y p o r o s i m e t r y ( p r i m a r y 
drainage) curve of the r e a l sample- T h i s i n i t i a l e s t i m a t e i s 
l a t e r r e f i n e d a s e x p l a i n e d l a t e r . T h e s e s i z e s a r e 
d i s t r i b u t e d as r a d i i , randomly amongst t h e t o t a l of 3000 
t h r o a t s - The t h r o a t s i z e s determine the cube s i z e s , C u ( L ) , 
which a r e s e t so t h a t the s i d e l e n g t h of a cube i s equal to 
t h e d i a m e t e r o f t h e l a r g e s t t h r o a t e m a n a t i n g from i t . 
T h e r e f o r e the t h r o a t s i z e s t h a t a r e i n p u t can be termed a 
pore s i z e d i s t r i b u t i o n . 
A diagram of a cube and i t s s i x t h r o a t s i s shown i n 
f i g u r e 5.1. One thousand of such pores make up a complete 
u n i t c e l l . The o u t e r f a c e s of t h e u n i t c e l l f o r p.s-d. 12 
a r e shown a s a 3-D r e p r e s e n t a t i o n i n f i g u r e 5.2. F o r 
s i m p l i c i t y , o n l y t h r o a t s i n t h e p o s i t i v e x, y and z 
d i r e c t i o n s a r e shown, and p r o t r u d i n g t h r o a t s extend t o t h e 
c e n t r e s of the neighbouring pores. The u n i t c e l l i s assumed 
to r e p e a t i n f i n i t e l y i n the x and y d i r e c t i o n s . We have used 
cubes as the pore shape f o r s i m p l i c i t y , although r e c e n t work 
has suggested t h a t pore shapes can be i n f e r r e d from primary 
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F i g u r e ^ 5-1 Diagram of one pore and i t s 6 t h r o a t s showing 
dimensions and n o t a t i o n used i n the program 
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id 
F i g u r e 5.2 O p t i m i s e d u n i t c e l l s t r u c t u r e o f p . s . d . 12. 
Diagram shows t h e o u t e r f a c e s of t h e 10x10x10 network of 
pores and t h r o a t s 
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drainage / secondary i m b i b i t i o n h y s t e r e s i s loops (Conner e t 
a l , 1988a). 
As the t h r o a t s i z e governs the cube s i z e t h e r e i s a t 
l e a s t 0.167 (1/6) c o r r e l a t i o n between pore and t h r o a t s i z e s 
f o r any p a r t i c u l a r cube. The p o r e - t h r o a t c o r r e l a t i o n of t h i s 
model i s i l l u s t r a t e d i n f i g u r e 5.3. Shown i n f i g u r e s 5.4 and 
5.5 a r e the e x p e r i m e n t a l p o r e - t h r o a t c o r r e l a t i o n graphs of 
Berea sandstone and I n d i a n a limestone r e s p e c t i v e l y (Wardlaw 
e t a l , 1 9 8 7 ) . The r e s e m b l a n c e of t h e s i m u l a t i o n t o t h e 
e x p e r i m e n t a l p o r e - t h r o a t c o r r e l a t i o n of t h e s a n d s t o n e i s 
obvious. (The d i f f e r e n t symbols on th e s e diagrams r e p r e s e n t 
t h e same s a m p l e s s t u d i e d a t t h r e e d i f f e r e n t c a p i l l a r y 
p r e s s u r e s and do not need to be d i f f e r e n t i a t e d h e r e ) . 
5.2.1.1 Layer diagrams and blocked t h r o a t s ( b . t . ) . 
F i g u r e 5.6 shows l a y e r 10 ( p o r e s 901 t o 1000) of 
p.s.d 5 i n two dimensions. From t h i s diagram the i n t r i c a t e 
p o r e - l e v e l s t r u c t u r e may be s e e n . The d i a m e t e r of t h e 
l a r g e s t t h r o a t (and hence the s i d e of t h e . l a r g e s t cube) f o r 
t h i s sample of C l a s h a c s a n d s t o n e i s e s t i m a t e d a t 180/im. 
Hence a l l the pores must be a t l e a s t 180^m a p a r t f o r t h e r e 
to be no o v e r l a p . I n f i g u r e 5.6, the c e n t r e s of each pore 
have a c t u a l l y been pla c e d 200^m a p a r t , so t h a t the s m a l l e s t 
p o s s i b l e t h r o a t l e n g t h i s 20Mm. The r e a l l e n g t h of one 
complete s i d e i s thus 2mm. 
I t can a l s o be seen from f i g u r e 5.6 t h a t not a l l the 
pores a r e connected. I n f a c t 40% of the p o s s i b l e t h r o a t s are 
omitted. The f a c i l i t y f o r o m i t t i n g t h r o a t s a l l o w s f o r the 
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F i g u r e 5.3 Pore - t h r o a t c o r r e l a t i o n of p.s.d. 5 
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F i g u r e 5.6 Top l a y e r of u n i t c e l l f o r p.s.d. 5 
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m o d e l l i n g o f d i f f e r e n t c o o r d i n a t i o n numbers and t h e 
r e p r e s e n t a t i o n of t h e p o s s i b l e b l o c k a g e of a t h r o a t by 
growth of a u t h i g e n i c k a o l i n and other c l a y s which have been 
found t o be p r e s e n t , or by f i n e s movement (Wojtanowicz e t 
a l , 1988) . Any percentage blockage can be entered and t h i s 
has the e f f e c t of a l t e r i n g the average c o o r d i n a t i o n number 
of a pore, i . e . i f 40% of the t h r o a t s were blo c k e d ( g i v e n 
zero r a d i u s ) , the average c o o r d i n a t i o n number would be 6/10 
X 6 = 3.6. 
5.2.1.2 P o r o s i t y 
The p o r o s i t y of a porous substance i s d e f i n e d as the 
percentage of v o i d space w i t h i n the substance. Once a l l the 
dimensions w i t h i n the model a r e known, the p o r o s i t y can be 
c a l c u l a t e d . I n terms of the parameters shown i n f i g u r e 5-1, 
the p o r o s i t y i s given by 
<p = Z S ( C u f L H + 37r.r(L,m).hfL.m) ) x 100 (5.1) 
L-i«=( ^ a(2) . a(3) . 1000 
where a(m) i s the pore row s p a c i n g . 
I t can be seen from t h i s t h a t the volume of the t h r o a t s 
p l a y an i m p o r t a n t p a r t i n the model. Other r e c e n t models 
ignore t h i s c o n t r i b u t i o n (Wardlaw e t a l , 1987). 
5.2.1.3 S u r f a c e area 
The program a l s o c a l c u l a t e s the s u r f a c e a r e a of the 
u n i t c e l l . T h i s i s r e l a t e d to the experimental s u r f a c e a r e a 
measured by the B.E.T. method of n i t r o g e n a d s o r p t i o n . The 
s u r f a c e a r e a i s c a l c u l a t e d from t h e i n d i v i d u a l s u r f a c e 
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a r e a s of the pores and t h r o a t s . . U s i n g the g i v e n parameters, 
s u r f a c e a r e a i s t h e r e f o r e c a l c u l a t e d as 
1000 3 o o 
S 2 6,CufL^^ - 6yr.r(L,m^^ + 3 . 2yr. r f L.mKhf L.m) (5.2) 
L=/ m=/ a ( l ) . a ( 2 ) . a(3) . 1000 . 6 
where 6 i s the d e n s i t y i n g/cm-^ -
S u r f a c e a r e a c a l c u l a t i o n s , no m a t t e r what p o r e row 
s p a c i n g was u s e d , were a l w a y s found t o be t o o low by a 
f a c t o r o f 60-100 f o r C l a s h a c . As t h e a r e a of a n i t r o g e n 
molecule i s 16A^, the s u r f a c e a r e a of the s m a l l e s t s u r f a c e 
r o u ghness f e a t u r e i s measured by t h e B.E.T- method. Such 
s u r f a c e roughness was o r i g i n a l l y l a c k i n g from t h e model, 
which comprised smooth tubes and c y l i n d e r s . To combat t h i s 
a l l the s u r f a c e s were modelled as having " f o l d s " i n them to 
i n c r e a s e t h e s u r f a c e a r e a . I n a 3-D c y l i n d e r such f o l d i n g 
forms a s e r i e s of i n t e r s e c t i n g c o n e s , as shown i n f i g u r e 
5.7. 
r l r e p r e s e n t s the roughness l a y e r t h i c k n e s s and rw, the 
d i s t a n c e between f o l d s (roughness wavelength). By a d j u s t i n g 
r l and rw, the experimental s u r f a c e a r e a may be reproduced. 
A l t h o u g h t h e r a t i o r l / r w i s o n l y an e m p i r i c a l r o u g h n e s s 
f a c t o r , i t i s a m e a s u r e o f t h e d i f f e r e n c e b e t w e e n t h e 
i d e a l i s e d smooth s u r f a c e and the a c t u a l s u r f a c e . 
5.2.1.4 Gra p h i c s 
Two t y p e s of g r a p h i c s a r e u s e d t o produce t h e l a y e r 
diagrams and the 3-dimensional u n i t c e l l . The l a y e r diagrams 
ar e programmed by GINO-F ( G r a p h i c a l INput and Output F o r t r a n 
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F i g u r e 5,7 Modelling of s u r f a c e roughness 
r l t 
r w ' 
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v e r s i o n ) which i s a l i b r a r y of drawing s u b r o u t i n e s a l l o w i n g 
s t r a i g h t l i n e s , c u r v e s e t c , to be produced. T h i s p a r t of the 
program and an o p t i o n t o use i t i s a v a i l a b l e each time the 
program i s run. 
The 3-D u n i t c e l l i s produced by SAMMIE (System f o r 
A i d i n g Man/Machine I n t e r a c t i o n E v a l u a t i o n ) , an i n t e r a c t i v e 
C.A.D. system, combined w i t h Prime MEDUSA t o a c c e p t t h e 
d a t a . T h i s i s n o t a s y e t p a r t o f t h e p r o g r a m , b u t a 
subr o u t i n e w i t h i n the program produces the n e c e s s a r y data of 
pore c o o r d i n a t e s , pore s i z e and t h r o a t s i z e i n the c o r r e c t 
format to be e x t e r n a l l y read by MEDUSA. 
5.2.2 Mercury porosimetry s i m u l a t i o n 
The t h e o r y o f t h e m e r c u r y p o r o s i m e t r y h a s be e n 
e x p l a i n e d e a r l i e r i n C h a p t e r 4. I n t h i s s e c t i o n , an 
e x p l a n a t i o n i s g i v e n of how the pr o c e s s i s si m u l a t e d . 
F i g u r e 5.8 shows i d e a l i s e d c a p i l l a r y p r e s s u r e c u r v e s of 
p r i m a r y d r a i n a g e and s e c o n d a r y i m b i b i t i o n . The words 
' d r a i n a g e ' and ' i m b i b i t i o n ' a l w a y s r e f e r t o the w e t t i n g 
phase (w.p.). So primary drainage r e f e r s t o the drainage of 
m e r c u r y v a p o u r / a i r a s m e r c u r y i n t r u d e s and s e c o n d a r y 
i m b i b i t i o n i s t h e subs e q u e n t uptake of v a p o u r / a i r a s t h e 
p r e s s u r e on t h e m e r c u r y i s r e l e a s e d . The s e c o n d a r y 
i m b i b i t i o n curve i n v a r i a b l y does not f o l l o w the same course 
a s t h e p r i m a r y d r a i n a g e c u r v e . T h i s e f f e c t i s c a l l e d 
h y s t e r e s i s and i n d i c a t e s the i r r e v e r s i b l e t r a p p i n g of non 
w e t t i n g p h a s e ( n . w . p ) . The q u a n t i t y o f t r a p p e d n.w.p. 
depends upon pore s i z e d i s t r i b u t i o n , pore arrangement and 
no 
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the average pore c o n n e c t i v i t y . S i m u l a t i o n of the secondary 
i m b i b i t i o n p r o c e s s and t h e c a u s e s o f h y s t e r e s i s a r e 
d i s c u s s e d l a t e r . 
The computer program reproduces the mercury porosimetry 
primary d r a i n a g e c u r v e by f o l l o w i n g the flow diagram shown 
i n f i g u r e 5.9. The assumption i s made t h a t t h e mercury i s 
100% non-wetting. As can be seen from the flow diagram only 
the top l a y e r of the model i s scanned f o r the l a r g e s t t h r o a t 
s i z e . T h i s i m p l i c i t l y assumes t h a t i n t h e e x p e r i m e n t a l 
procedure, mercury only i n v a d e s the sample on one s u r f a c e , 
although i n r e a l i t y the sample i s invaded from a l l s i d e s . 
The m o d e l l i n g of the po r o s i m e t r y i s i n terms of a p e r c o l a -
t i o n of n.w.p. from the top l a y e r throughout t h e network. 
( T h i s i s i n keeping with other computer models e.g. Diaz e t 
a l ( 1 9 8 7 ) , C h a n d l e r e t a l ( 1 9 8 2 ) ) . T h i s a s s u m p t i o n o f 
e f f e c t i v e l y s e a l i n g t h e s i d e s o f t h e s a m p l e and o n l y 
a l l o w i n g one s u r f a c e f o r mercury p e n e t r a t i o n has been shown 
e x p e r i m e n t a l l y by Wardlaw and T a y l o r ( 1 9 7 6 ) o n l y t o 
introduce a s l i g h t e r r o r compared to a normal sample. F i g u r e 
5.10 shows t h e i r c u r v e s o b t a i n e d f o r two I n d i a n a l i m e s t o n e 
samples, one sample h a v i n g been c o a t e d w i t h r e s i n on a l l 
f a c e s e x c e p t f o r one, and t h e o t h e r sample u n c o a t e d . A 
s l i g h t d i f f e r e n c e i s seen i n the p r i m a r y d r a i n a g e c u r v e s 
(marked i n j e c t i o n on diagram) f o r the two samples during the 
e a r l y s t a g e s of p e n e t r a t i o n . The secondary i m b i b i t i o n c u r v e s 
(marked w i t h d r a w l on diagram) a r e a l m o s t i d e n t i c a l . They 
conclude t h a t t h e rounded s h o u l d e r i n the r e g i o n A - B f o r 
the uncoated sample i s due to i n v a s i o n of s u r f a c e s p a c e s . 
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P r i n t r e s u l t s 5) 
D e c r e a s e h g s i z e 
t o n e x t s m a l l e s t 
t h r o a t s i z e 
y e s no 
C a l c u l a t e % v o l -
ume of f i l l e d p o r e s 
and t h r o a t s . S t o r e 
w i t h h g s i z e 
I n p u t a l l t h r o a t s i T e s ^ 
S e t p arameter " h g s i z e " t o maximum 
t h r o a t s i z e 
S c a n top l a y e r , p o r e s 901-1000, 
f i l l t h r o a t s > o r = h g s i z e 
I n c r e m e n t t o t a l number o f f i l l e d 
t h r o a t s = N T F I L L 
N T F I L L = f i U F I L L 
F i l l any pore c o n n e c t e d t o a 
f i l l e d t h r o a t 
I f a pore i s f u l l c h e c k i t s t h r o a t s 
I f any a r e > or = h g s i z e t h e n f i l l . 
T o t a l number of f i l l e d t h r o a t s 
= r i U F I L L 
NTFI — y e s 
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F i g u r e 5.10 Capillary pressure injection and wilhdrowar curves for" fwo similar samples c 
Indiana Limestone (porosify [(j)J, permeability [ K ] end bulk volume ,Vg indicoted o 
• diagram). Both somples ore cylinders of 1.86 cm diometer, but one was coated 
film of epoxy except for one end (reducing surface orea for entry of mercury) and tn 
other sample was untreated. Gas permeability determined prior to coating. 
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These e f f e c t s a r e g r e a t l y reduced on the coated sample which 
i s t h u s more r e p r e s e n t a t i v e of an i n f i n i t e pore space. I n 
the same way, the s i m u l a t i o n i s of an i n f i n i t e pore space 
and t h e s h a r p i n i t i a l uptake of mercury i s i n d i c a t i v e of 
t h i s . 
The f i l l i n g of the model i s c o n t r o l l e d by the t h r o a t 
s i z e c o r r e s p o n d i n g t o the c u r r e n t c a p i l l a r y p r e s s u r e as 
d e s c r i b e d by the L a p l a c e E q u a t i o n . T h e r e f o r e as a t h r o a t 
pore system f i l l s w i th non w e t t i n g phase, the same volume of 
w e t t i n g phase must empty. The w e t t i n g phase, i n t h i s c a s e 
mercury vapour, can only empty i f t h e r e e x i s t s a continuous 
l i n e o f w e t t i n g p h a s e t o t h e o u t s i d e of t h e model. I f 
emptying occurs through the s i d e s of the model, then as the 
model i n f i n i t e l y r e p e a t s i n the x and y d i r e c t i o n s , t h e 
w e t t i n g phase w i l l r e e n t e r the model on the o p p o s i t e s i d e 
and so w i l l o nly f i n a l l y e x i t the model when i t empties a t 
t h e bottom row ( p o r e s L = 1 - 1 0 0 ) . I n o t h e r words t h e 
network has i n l e t and o u t l e t f a c e s and the four s i d e f a c e s 
maintain the flow i n the model. 
Areas which have not been invaded by mercury by the end 
of t h e s i m u l a t i o n a r e i d e n t i f i e d and t h e i r pore numbers 
s t o r e d . As the percentage of blocked pores i n c r e a s e s , the 
number of i s o l a t e d p o r e s a l s o i n c r e a s e s and e v e n t u a l l y 
i s o l a t e d c l u s t e r s of pores, s t i l l f i l l e d w i th wetting phase, 
w i l l form. These i s o l a t e d pores e x i s t i n a r e a s of p o r o s i t y 
which a r e not connected to the r e s t of the pore space of the 
sandstone i , e . they a r e not p a r t of the e f f e c t i v e p o r o s i t y , 
t h a t i s , the connected v o i d spaces of the sample. 
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The r e a s o n f o r s i m u l a t i n g t h e m e r c u r y p o r o s i m e t r y 
p r i m a r y d r a i n a g e c u r v e i s t o c h e c k t h a t t h e p . s . d . i n p u t 
i n t o the model i s c o r r e c t . I f the p o i n t of i n f l e x i o n and 
s l o p e of t h e e x p e r i m e n t a l c u r v e can be r e p r o d u c e d by t h e 
s i m u l a t i o n then t h i s g i v e s g r e a t confidence t h a t the p.s.d. 
i s c o r r e c t . 
5.2.3 T o r t u o s i t y 
I n s u r v e y i n g t h e l a s t 50 y e a r ' s l i t e r a t u r e on porous 
media i t h a s been n o t i c e d t h a t any d i s c r e p a n c y between 
theory and experiment has more o f t e n than not been put down 
to the t o r t u o u s path a p a r t i c l e might ta k e through a medium. 
Consequently the t o r t u o s i t y , T , has been used s o l e l y a s a 
f i t t i n g f a c t o r . 
I t i s i n f a c t the r a t i o : 
T = = a c t u a l path length taken through medium (5.3) 
L l e n g t h of s t r a i g h t path through medium 
as p r e v i o u s l y d e s c r i b e d i n s e c t i o n 4.3.1. 
The t o r t u o s i t y has been s i m u l a t e d v i a a w e i g h t e d 
random walk. A sample molecule i s t h e o r e t i c a l l y a l l o w e d t o 
move through the a r r a y of t h r o a t s and pores. At each,pore a 
random c h o i c e i s made as to which t h r o a t t o e n t e r next, but 
the c h o i c e i s weighted by a r^/1 type term where r i s the 
r a d i u s of the t h r o a t and 1 i s the l e n g t h of the t h r o a t / p o r e 
system. T h i s term i s shown l a t e r i n e q u a t i o n 5.4. Thus t h e 
p r o b a b i l i t y , p, i s f o u r t i m e s as g r e a t f o r a p a r t i c l e t o 
p a s s through a t h r o a t which has t h e same l e n g t h but t w i c e 
t h e r a d i u s of another. F i g u r e 5.11 shows the flow diagram 
followed by the t o r t u o s i t y r o u t i n e . 
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Repeat 10 times 
to give 10 
routes to next 
l a y e r . 
Repeat u n t i l 
f i n a l l a y e r 
i s reached. 
Repeat 50 times 
Scan top l a y e r of t h r o a t s 
Randomly choose throat, r' 
weighted towards l a r g e s t . 
Move through throat to pore 
in top l a y e r , pore number 
i n range 901 to 1000. 
Count one step. 
Scan i t s t h r o a t s . Assess the 
p r o b a b i l i t i e s of moving 
through each. 
Pick one on random/weighted 
b a s i s . Increment 1/p on 
moving from pore. 
Repeat 
u n t i l 
next 
l a y e r i s 
reached 
Count steps to reach next l a y e r 
C a l c u l a t e o v e r a l l p r o b a b i l i t y 
of route. 
S e l e c t by random/weighted choice 
one of the ten options. 
C a l c u l a t e r = step count 
s t r a i g h t path length 
= step count 
10 
F i g u r e 5.11 Flow diagram f o r the t o r t u o s i t y s i m u l a t i o n 
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Underlying the t o r t u o s i t y c a l c u l a t i o n i s the assximption 
t h a t t h e u n i t c e l l i s l y i n g i n some p o t e n t i a l f i e l d , be i t 
an e l e c t r i c a l p o t e n t i a l o r a c o n c e n t r a t i o n g r a d i e n t . As a 
c a u s e o f t h e p o t e n t i a l f i e l d a s s u m p t i o n t h e t h e o r e t i c a l 
p a r t i c l e i s not allowed to b a c k t r a c k a g a i n s t t h e f i e l d from 
i t s s t a r t i n g l a y e r on i t s j o u r n e y t h r o u g h t h e model. 
(Without t h i s assumption t h e p a r t i c l e has complete freedom 
of movement i n any d i r e c t i o n , and i t was found t h a t t h i s 
o c c a s i o n a l l y l e d t o i m p o s s i b l y l a r g e t o r t u o s i t y v a l u e s . 
R e s u l t s from o t h e r a s s u m p t i o n s , where t h e p a r t i c l e h a s 
l i m i t e d freedom of movement a g a i n s t the p o t e n t i a l f i e l d a r e 
in c l u d e d i n the r e s u l t s . ) The t h e o r e t i c a l p a r t i c l e then has 
complete freedom o f movement from h i g h t o low p o t e n t i a l 
a l l o w i n g t h e p a r t i c l e t o move h o r i z o n t a l l y o r downwards 
depending on the p r o b a b i l i t y of the r o u t e u n t i l t h e f i n a l 
l a y e r i s reached. 
The o t h e r major r e s t r i c t i o n imposed on the s i m u l a t i o n 
was t h a t o s c i l l a t i o n between pores was not allowed. Without 
t h i s r e s t r i c t i o n o s c i l l a t i o n was common due t o the i n h e r e n t 
geometry o f t h e model, i . e . a l a r g e t h r o a t w i l l c o n n e c t 
p o r e s of equ a l l a r g e s i z e because t h e t h r o a t s i z e governs 
t h e pore s i z e . Thus i f t h e p a r t i c l e moved i n t o one l a r g e 
pore i t would have t he same p r o b a b i l i t y of moving back t o 
the o r i g i n a l pore and so on thus c a u s i n g the l a r g e r v a l u e s . 
F o r s i m u l a t i o n s w i t h a h i g h p e r c e n t a g e o f b l o c k e d 
t h r o a t s , the program i d e n t i f i e s l a r g e numbers of pores which 
h a v e no e x i t . T h e s e a r e t e r m e d " d e a d - e n d p o r e s " o r 
" d e n t r i t i c p o r e s " ( C h a t z i s and D u l l i e n , 1985). When t h e s e 
118 
are found the p a r t i c l e i s allowed to return to the previous 
pore and carry on i n a d i f f e r e n t d i r e c t i o n , 
5.2,3,1 The probability term. 
As stated previously the probability of moving through 
a p a r t i c u l a r throat/pore system i s weighted by an r^/1 type 
term. This corresponds to the weighting experienced by ions 
i n a c o n d u c t i v i t y measurement as used to measure the 
t o r t u o s i t y of the sample, i . e . the c o n d u c t i v i t y of a 
solution i s proportional to the area of the electrodes which 
are detecting the conducting ions and i n v e r s e l y proportional 
to the distance between the electrodes. 
A viscous flow t o r t u o s i t y could be modelled by using 
an type term derived from the P o i s e u i l l e Equation for 
flow i n a tube, instead of a r^/1 type term. 
Within the t o r t u o s i t y c a l c u l a t i o n the lengths of the 
throats and pores are taken into account to give a r e a l i s t i c 
dependence on the complete dimensions of the throat/pore 
s y s t e m and not j u s t t h e r a d i u s of t h e t h r o a t . A 
p o r e - t h r o a t - p o r e system i s shown i n f i g u r e 5.12. The 
p r o b a b i l i t y c a l c u l a t i o n c a r r i e d out at the movement from 
pore 1 to 2 i s i l l u s t r a t e d below:-
p = C u m i + T r r f l , ! ) ^ + Cuf2)^ 
Cu(l)/2 h ( l , l ) Cu(2)/2 
where C u ( l ) i s the s i d e length of the c u r r e n t pore, 
Cu(2) i s the side length of the neighbouring pore, r ( l , l ) i s 
the r a d i u s of the t h r o a t from pore 1 on the x - a x i s and 
h ( l , l ) i s the length of the t h r o a t from pore 1 on the x-
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Figure 5.12 Diagram of a pore/throat system 
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a x i s . Therefore, 
p = 2Cu(l) + nrd.D' + 2Cu(2) (5.4) 
h ( l , l ) 
The p r o b a b i l i t i e s are incremented as r e c i p r o c a l s . This 
i s because the p r o b a b i l i t y of the route must be i n v e r s e l y 
proportional to the distance t r a v e l l e d by the t h e o r e t i c a l 
p a r t i c l e . However, the main j u s t i f i c a t i o n for the method of 
summing the p r o b a b i l i t i e s i s from a r e s i s t o r network analogy 
where to add c a p a c i t o r s i n s e r i e s they must be added as 
r e c i p r o c a l s . Consider the following example of two routes 
from one pore to reach the next lowest l a y e r of the u n i t 
c e l l . 
f ^ O ^ — L 
roufe A rou be B 
• r e p r e s e n t pores and o r e p r e s e n t s the s t a r t i n g 
position. 
The values represent the sum of equation 5.4 for each step 
between pores. Route A i s obviously the more probable route. 
Now, i f p i s summed non r e c i p r o c a l l y , then 
Proute A = 2 + 3 = 5 
Proute B " ^ ' ' ' " ^ ' * " ^ " ^ ^ ' ® ' ^o^'te B would be the more 
probable. 
I f p i s summed as the rec i p r o c a l of the values, then 
VProute A = V 2 + 1/3 = 5/6 p = 1.2 
^/Proute B. = + V 3 + 1/4 = 13/12 p = 0.92 i . e . route 
A i s now more probable, which i s corr e c t . 
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5-2.3.2 The random choice method. 
Within figure 5.11 i t can be seen that random/weighted 
choices are made at three separate stages of the routine. 
This i s achieved by using a uniform random number generator 
method. Take for example the second box in the flow diagram, 
"randomly choose throat, r' weighted towards the l a r g e s t . " 
The process which achieves t h i s i s of the form:-
X = ran(0,rmax^) 
Y = ran(901,1000) 
i f ( r ( Y ) ) ' > X then 'move through throat'. 
Here X i s a random number between 0 and the square of the 
maximum rad i u s contained i n the p.s.d. e.g. 2500. Y i s a 
random number between pore numbers 901 and 1000. e.g. 945 
Therefore i f the radius squared of pore 945 > 2500 then 
'move through throat*. This causes a weighting to the higher 
values of r, as X can be any number between 0 and rmax^ i n a 
l i n e a r s c a l e whereas the ac t u a l r a d i i squared are d i s c r e t e 
values. For example 
radius 10 20 30 40 50 
radius^ 100 400 900 1600 2500 
X 100 2500 
Therefore i f X i s 1700, only r' = 2500 w i l l s a t i s f y , whereas 
i f X = 500, r' = 900, 1600, 2500 w i l l s a t i s f y . 
At the stage in the flow diagram where 10 routes to the 
next lowest p o t e n t i a l have been chosen, the random choice 
method above i s used to choose which r o u t e w i l l be 
s p e c i f i e d , t h i s time weighted by the p r o b a b i l i t y of the 
route. Thus i t i s most l i k e l y that a short route, consisting 
of large throats and with a proportionally high p r o b a b i l i t y 
w i l l be chosen, but i t i s possible that a long route of low 
probability can be chosen, 
5.2.3.3 The tor t u o s i t y d i s t r i b u t i o n . 
The s i m u l a t i o n p r o d u c e s a d i s t r i b u t i o n of 50 
t o r t u o s i t y values. The t o r t u o s i t y i s defined as the median 
of t h i s d i s t r i b u t i o n where the median i s the middle value 
when the 50 values are ordered in ascending magnitude. The 
i n t e r q u a r t i l e range i s also quoted. These are the values of 
T a t 1/4 ( Q l ) , and 3/4 (Q3), of the d i s t r i b u t i o n and are 
i l l u s t r a t e d i n figure 5.13. 
I t might be expected that the peak, or mode, of the 
d i s t r i b u t i o n be defined as the to r t u o s i t y . This has not been 
used as i t i s an unreliable s t a t i s t i c . For example the value 
of the mode of a d i s t r i b u t i o n w i l l vary depending on the 
grouping i n t e r v a l of the histogram and the s t a r t i n g point of 
the i n t e r v a l . Therefore i t i s d i f f i c u l t to define a s p e c i f i c 
value for the mode whereas for a s p e c i f i c d i s t r i b u t i o n the 
median can only have one value. 
5.3 Usage of Program, 
"The program" c o n s i s t s of a s e r i e s of separate programs 
eac h of l e n g t h a p p r o x i m a t e l y 22 k i l o b y t e s and e a c h 
containing d i f f e r i n g coding depending on the function of the 
p a r t i c u l a r program. A l l programs c o n t a i n the 3 b a s i c 
s e c t i o n s as e x p l a i n e d e a r l i e r and the primary drainage 
simulation. The following are the main programs l i s t e d with 
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MEDIAN 
I N T E R Q U A R T I L E 
Figure 5.13 Example of i n t e r q u a r t i l e range 
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the extra coding they each contain 
1. TPBOX-7.0U - zero l a y e r b a c k - t r a c k i n g of p a r t i c l e i n 
tort u o s i t y routine. 
2. TPB0X.7 - one layer back-tracking i n t o r t u o s i t y routine. 
3. TPB0X.7.UT - u n l i m i t e d b a c k - t r a c k i n g i n t o r t u o s i t y 
routine. 
4. TPX.SAS.Ou - produces data i n c o r r e c t format f o r SAS 
network a n a l y s i s . 
5. TPX.SPSAS.Ou - produces data i n c o r r e c t format for SAS 
network a n a l y s i s with the la r g e s t s e t s of pores separated, 
(see section 5.3.1.2) 
6. TPBOX.7.HYSCONP/T - models the secondary i m b i b i t i o n 
c a p i l l a r y p r essure curve and the h y s t e r e s i s e f f e c t (see 
Chapter 8 ) . 
7. TPBOX.8 - p r o d u c e s d a t a f o r SAMMIE g r a p h i c s and 
pore/throat c o r r e l a t i o n graphs. 
A l l the programs are run with the same input of data. 
The functioning of the programs i s shown by the flow diagram 
shown i n figure 5.14 and i s the same for a l l programs. 
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Figure 5.14 Functioning of programs 
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5.3.1 Optimisation of the pore s i z e d i s t r i b u t i o n . 
5.3.1.1 Clashac. 
To optimise the p.s.d., an i n i t i a l estimate i s made 
from the experimental primary drainage curve. I t must be 
remembered that mercury porosimetry produces a volume based 
pore s i z e d i s t r i b u t i o n . This must then be t r a n s l a t e d to a 
number based p.s.d. f or use i n the model, i . e . how many 
pores are there in a c e r t a i n s i z e range, normalised to 1000 
pores, 3000 throats. The i n i t i a l p.s.d. was estimated from 
the s i z e range t h a t covered each 10% of pore volume, but 
t h i s does not then take i n t o account numbers of pores. 
Obviously, 10% of the pore space would require fewer pores 
of s i z e 200^m , than pores l^m. So averaging the pore s i z e s 
corresponding to each 10% of pore volume from the experimen-
t a l curve i s not a v a l i d method to input the p.s.d. into the 
model. As a c e r t a i n number of pore s i z e s are input, they 
must be skewed to the smaller s i z e s . 
The pore s i z e d i s t r i b u t i o n a c t u a l l y c o n s i s t s of 100 
s i z e s and each value corresponds to 30 t h r o a t s of t h a t 
s i z e . So from an i n i t i a l estimate of the p.s.d., the shape 
and p o s i t i o n of the point of i n f l e x i o n of the r e s u l t i n g 
simulated curve i s viewed and adjusted accordingly so as to 
accurately f i t the experimental curve. For Clashac sandstone 
of pore s i z e range * l/im - ISO/xm an addition of more larger 
pore s i z e s of 100 - 180/im reduces the s h i e l d i n g e f f e c t (as 
discussed i n se c t i o n 4.2.5) of the smaller pores and thus 
moves the point of i n f l e x i o n f u r t h e r to the l a r g e r pore 
s i z e s . The p o r o s i t y of the u n i t c e l l a l s o a c c o r d i n g l y 
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i n c r e a s e s . The opposite i s true for an increased number of 
smaller pore s i z e s . The pore s i z e d i s t r i b u t i o n adjustments 
must be made i n conjunction with the percentage of blocked 
throats. 
The e f f e c t of i n c r e a s i n g the percentage of blocked 
t h r o a t s i s to move the p o i n t of i n f l e x i o n towards the 
sm a l l e r pore s i z e s i n d i c a t i n g a g r e a t e r s h i e l d i n g e f f e c t 
because of the decreasing c o n n e c t i v i t y between pores, i . e . 
increasing the percentage of blocked throats i s analogous to 
a decrease i n the average coordination number of a pore. 
Thus i t i s p o s s i b l e to use enough pores of s i z e " ISO^m to 
maintain the porosity a t the experimental value of 11% and 
n e v e r t h e l e s s a c h i e v e the po i n t of i n f l e x i o n of 25txm by 
adjusting the percentage of blocked throats. I t i s otherwise 
i m p o s s i b l e to m a i n t a i n the p o r o s i t y , as the p o i n t of 
in f l e x i o n i s always too great. 
The slope of the curve i s the more d i f f i c u l t aspect to 
simulate and depends s u b t l y on the numbers of mid-range 
pores ( 30 - 60 /xm ) and the percentage of blocked throats. 
The development of the p.s.d. for Clashac i s shown i n Table 
5.1. 
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Throat diameter p. s. d version / number of throats as % Of t o t a l / microns 1 2 3 4 5 6 7 8 9 10 11 12 13 
• 1 7 5 6 4 
2 . 7 5 3 4 5 3 4 
3 2 3 5 3 4 
4 2 3 4 3 
5 3 4 4 
6 3 0 2 3 2 
7 4 
8 3 4 3 
9 4 3 4 3 
10 4 3 4 1 
11 2 
12 2 
14 1 2 
15 4 2 4 3 
16 3 2 1 3 2 
17 . 4 3 2 1 3 2 
18 6 3 2 1 3 1 
19 2 1 
20 6 4 3 1 4 0 1 
21 4 3 4 
22 4 3 2 
23 1 
24 6 5 3 2 1 2 0 1 2 
25 6 5 3 2 1 2 0 1 2 
26 1 2 4 2 1 2 
27 1 2 1 
28 2 1 2 
29 0 1 
30 1 4 3 2 3 
35 1 4 6 5 3 5 
40 0 4 6 7 5 6 5 -
50 0 2 3 1 2 3 
60 1 3 4 3 
80 0 3 4 3 4 3 
100 1 2 3 4 2 6 4 6 
140 1 2 3 2 5 4 
180 1 2 1 4 3 
220 0 1 0 
250 0 1 0 
Table 5.1 shows the number of throats i n each s i z e range as 
a p e r c e n t a g e of the t o t a l 3000 t h r o a t s . Blank s p a c e s 




The experimental primary drainage curves of Berea are 
i n t e r e s t i n g i n t h a t although i t s p o r o s i t y i s l a r g e r than 
Clashac, (20% compared to 11%), the point of i n f l e x i o n of 
the curve i s appreciably lower {17/im compared to 25/im) . This 
could be explained by Berea having a high enough proportion 
of large pores to produce the required porosity, but these 
large pores being i s o l a t e d or shielded by a correspondingly 
low average pore c o n n e c t i v i t y and/or a high proportion of 
small 'controlling' throats. 
Two d i f f e r e n t methods of pore s i z e a l l o c a t i o n were 
employed:-
a) As for Clashac, random assignment of throat s i z e to pore 
number, L and 
b) a method whereby a l l large pores greater than and equal 
to lOO/im are separated from each other so t h a t they are 
surrounded by s m a l l e r pores. Programs and p.s.d.'s using 
t h i s method of t h r o a t s i z e input are p r e f i x e d 'SP*. The 
e f f e c t of s e p a r a t i n g the l a r g e pores was hoped to be a 
s h i f t i n g of the point of i n f l e x i o n to smaller throat s i z e s 
as compared to the same p.s.d., randomly input. This was the 
case and can be seen in Chapter 6. 
The d i s t r i b u t i o n s used in the development of the optimised 
Berea p.s.d. are shown in table 5.2. 
130 
Table 5.2 
Throat diameter p • s • d. 
/microns Bl B2 83 














15 5 4 
16 5 4 3 
17 4 3 
18 2 1 
19 3 2 












100 1 2 
150 0 1 2 
180 0 1 2 
200 1 3 
210 0 1 
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5.3.2 Considerations and i n t e r p r e t a t i o n of the pore s i z e 
d i s t r i b u t i o n curve. -
I f one was to plot 6 pore volume vs. throat diameter 
6 throat diameter 
from the experimental mercury porosimetry curve, a p l o t of 
the following type would be obtained:-
The peak of t h i s graph c o r r e s p o n d s to the t h r o a t 
diameter of the p o i n t of i n f l e x i o n of the experimental 
c u r v e , the peak i n d i c a t i n g the pore t h r o a t d i a m e t e r 
c h a r a c t e r i s t i c of the sample. T h i s i s why the peak i s 
sometimes referred to as the most frequent pore throat s i z e . 
A p l o t of pore s i z e versus frequency for p.s.d. 12 or 
13 does not e x h i b i t the peak shown by the d i f f e r e n t i a t e d 
experimental primary drainage curve. These p l o t s are shown 
i n f i g u r e s 5.15 and 5.16 r e s p e c t i v e l y . The broad spread of 
pore s i z e s i s comparable to the p.s.d. measured by D u l l i e n 
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and phawan (1 9 7 5 ) by p h o t o m i c r o g r a p h i c methods. T h i s 
i n v o l v e s i n j e c t i n g Wood's metal (a low me l t i n g p o i n t a l l o y ) 
i n t o the sample i n the same way as mercury i s i n j e c t e d , but 
a t a r a i s e d t e m p e r a t u r e so t h a t i t r e m a i n s l i q u i d . The 
sample i s allowed to c o o l and the Wood's metal s o l i d i f y , a t 
which p o i n t i t i s t r e a t e d w i t h h y d r o f l u o r i c a c i d to d i s s o l v e 
the-sand. The r e s u l t i n g Wood's metal c a s t i s then impregnat-
ed w i t h epoxy r e s i n t o t a k e up t h e s p a c e o c c u p i e d by t h e 
rock. The sample s u r f a c e i s p o l i s h e d and photomicrographs 
prepared. The d i s t r i b u t i o n of pore diameters i s measured by 
an image a n a l y s i s technique. The r e s u l t s D u l l i e n and Dhawan 
o b t a i n e d by t h i s method t o g e t h e r w i t h t h e d i f f e r e n t i a l 
mercury p o r o s i m e t r y c u r v e o b t a i n e d from t h e same sandstone 
sample i s shown i n f i g u r e 5.17-
The broad range of pore s i z e s found by the photomicro-
g r a p h i c method ( s i m i l a r t o t h e broad range shown by t h e 
c o m p u t e r model) c a n be r e g a r d e d a s t h e t r u e p o r e s i z e 
d i s t r i b u t i o n . The reas o n f o r the sh a r p peak i n the mercury 
p o r o s i m e t r y d i f f e r e n t i a l c u r v e i s not because t h e m a j o r i t y 
of the t h r o a t s i z e s a r e of the v a l u e i n d i c a t e d by the peak, 
( t h e r e need not be any t h r o a t of t h i s s i z e a t a l l ) , b u t 
occ u r s a s a consequence of the i n t e r c o n n e c t i v i t y of a broad 
range o f p o r e s and t h e c o n t r o l of l a r g e pore volumes by 
t h e o r e t i c a l l y , v e r y few s m a l l t h r o a t s which have t o f i l l 
b e f ore the r e s t of the sandstone can f i l l . 
The o p t i m i s e d p.s.d. from t h e computer model i s then, 
i n e f f e c t , a 3-D n e t w o r k e q u i v a l e n t p . s . d . o f a non-
i n t e r s e c t i n g c a p i l l a r y tube model p.s.d. ( a s the o r i g i n a l 
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SAMPLE •• C L E A R C R E E K iiB ( T w p ) 
r.—rt u c n C U O Y P o n o s t M E T R Y C u n v E 
PHOTOMiCPOCRfiPHT CURVE 
iGOOr-
D or Dc , ;im 
Comparison of pore volume cJislribulions (or Clear Creek sandstone. 
F i g u r e 5.17 (From D u l l i e n and Dhawan,1975) 
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c u r v e was c a l c u l a t e d from t h e L a p l a c e E q u a t i o n ) . At t h e 
p o i n t where one would e x p e c t t h e r e t o be t h e m a j o r i t y of 
p o r e s , a t around 2 5^m, the model shows t h e r e t o be l i t t l e 
need of t h e s e c h a r a c t e r i s t i c a l l y s i z e d pores and i n f a c t f o r 
t h e two p . s . d . ' s w h i c h a r e t h e c l o s e s t m a t c h t o t h e 
experimental curve, the most f r e q u e n t l y input pore s i z e s a r e 
35Mni and AO^na a t 5% f o r p . s . d . 12 (150 t h r o a t s each) and 
100/im f o r p.s.d. 13 a t 6% (180 t h r o a t s ) . 
A p o i n t t o remember i s t h a t t h e r e may be 150 t h r o a t 
s i z e s of 35/im i n p u t i n t o the model, but t h i s does not mean 
to say t h a t t h e r e w i l l be 150 pores of t h a t s i z e . T h i s i s 
because t h e r e may be another, l a r g e r t h r o a t a l s o a s s i g n e d to 
t h a t pore number.and c o n s e q u e n t l y t h e pore w i l l t a k e t h e 
s i z e of the l a r g e r t h r o a t . 
5.3.3. Adjustment of u n i t c e l l dimensions. 
Once t h e p . s . d . h a s been o p t i m i s e d t h e u n i t c e l l 
d i m e n s i o n s a r e a d j u s t e d , by i n c r e a s i n g o r d e c r e a s i n g t h e 
l a t t i c e s p a c i n g of the pores, u n t i l the p o r o s i t y of the u n i t 
c e l l matches the experimental p o r o s i t y . T h i s then g i v e s the 
minimum t h r o a t l e n g t h a s t h e l a t t i c e s p a c i n g minus t h e 
maximum pore s i z e . T h i s adjustment of t h e p o r o s i t y i s not 
merely a meaningless p r o c e s s of matching a s i m u l a t i o n t o an 
e m p i r i c a l v a l u e , as the l a t t i c e s p a c i n g i s an i n t e g r a l p a r t 
of the c a l c u l a t i o n of the t h r o a t l e n g t h which i s subsequent-
l y u s e d i n t h e t o r t u o s i t y and p e r m e a b i l i t y s i m u l a t i o n s . 
T h e r e f o r e a d j u s t m e n t of t h e c e l l d i m e n s i o n s t o f i t t h e 
p o r o s i t y f i x e s t he l a t t i c e s p a c i n g a t which t h e s e s i m u l a -
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t i o n s a r e run. 
When t h i s has been accomplished t h e t o r t u o s i t y can be 
o b t a i n e d a s t h e m e d i a n o f 50 s i m u l a t e d v a l u e s . The 
t o r t u o s i t y t h e n forms t h e b a s i s of t h e p r e d i c t i o n of t h e 
d i f f u s i o n c o e f f i c i e n t a s d e t a i l e d i n c h a p t e r 6. With t h e 
geometry of the pore space f i n a l i s e d , the model can be used 
to g a i n a g r e a t e r understanding of the e f f e c t of p.s.d. and 
average pore c o n n e c t i v i t y on the a b s o l u t e p e r m e a b i l i t y of 
the sample and an a c c u r a t e p r e d i c t i o n of t h i s v a l u e can be 
made ( C h a p t e r 7 ) . A l s o t h e i r e f f e c t on t h e 
d r a i n a g e / i m b i b i t i o n of w e t t i n g phase can be s t u d i e d (Chapter 
8) . 
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CHAPTER 6 SIMULATED MERCURY POROSIMETRY. SURFACE AREA. 
POROSITY AND TORTUOSITY RESULTS. 
6.1 I n t r o d u c t i o n 
The o b j e c t i v e o f t h i s c h a p t e r i s t o i n t r o d u c e t h e 
o p t i m i s e d pore s i z e d i s t r i b u t i o n s (p.s.d.) of C l a s h a c and 
Berea s a n d s t o n e s and then t o show t h e p r o p e r t i e s p r e d i c t e d 
by the model from t h e s e optimised p.s.d.'s. The o p t i m i s a t i o n 
i s a c h i e v e d a s d e t a i l e d i n s e c t i o n 5.3.1 and t h e s t a g e s of 
development of the p.s.d.'s f o r C l a s h a c and Berea a r e shown 
i n t a b l e s 5.1 and 5.2 r e s p e c t i v e l y . A primary drainage curve 
f o r each p . s . d . a d j u s t m e n t (1-13 f o r C l a s h a c and 1-3 f o r 
Berea) i s not shown f o r s i m p l i c i t y sake. I n s t e a d , the e f f e c t 
of t h e i n p u t parameters, pore row s p a c i n g and average pore 
c o n n e c t i v i t y , on t h e o u t p u t p a r a m e t e r s , s u r f a c e a r e a , 
p o r o s i t y , primary drainage curve and t o r t u o s i t y f o r c e r t a i n 
p . s . d . ' s , i s i l l u s t r a t e d . I t would be i m p r a c t i c a l and 
u n n e c e s s a r y t o show the e f f e c t of each i n p u t parameter on 
each output parameter f o r every p.s.d.. 
L a t e r i n the c h a p t e r t he t o r t u o s i t y d e r i v e d from t he 
optimised p.s.d.'s i s used as a p r e d i c t o r f o r the d i f f u s i o n 
c o e f f i c i e n t of the sandstone. 
6.2 Primary drainage mercury porosimetrv c u r v e s , 
6.2.1 C l a s h a c 
The e f f e c t of the d e c r e a s i n g pore c o n n e c t i v i t y on the 














F i g u r e 6.1 E f f e c t of % b . t . on the primary d r a i n a g e c u r v e 
f o r p.s.d. 5 
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from p.s.d. 5. The primary drainage c u r v e s f o r the optimised 
p.s.d.'s 12 and 13 a r e shown f i g u r e 6.2. (Pore row s p a c i n g 
i s n o t shown on t h e f i g u r e a s i t h a s no e f f e c t on t h e 
p o r o s i m e t r y c u r v e s . ) These c u r v e s have been d e r i v e d a f t e r 
the s e r i e s of p.s.d. adjustments as d e t a i l e d i n t a b l e 5.1. 
6.2.2 Berea 
F i g 6.3 shows the optimised c u r v e s d e r i v e d from p.s.d. 
B3 and p.s.d. SPB3 a f t e r the p.s.d. adjustments d e t a i l e d i n 
t a b l e 5.2. 
6.3 P o r o s i t y and S u r f a c e Area 
A l l r e s u l t s g i v e n f o r o p t i m i s e d p . s . d . ' s a r e a t a 
pore row s p a c i n g s u c h t h a t t h e s i m u l a t e d p o r o s i t y of t h e 
u n i t c e l l matches the e x p e r i m e n t a l p o r o s i t y of the sample. 
The pore row s p a c i n g s a r e 250;im, 240^m, 211/im and 211/im f o r 
p.s.d.'s 12, 13, B3 and SPB3 r e s p e c t i v e l y . 
6.3.1 C l a s h a c 
T a b l e 6.1 shows how the s i m u l a t e d p o r o s i t y and s u r f a c e 
a r e a v a r y with the percentage of blocked t h r o a t s f o r p.s.d. 
12 and f i g u r e 6.4 i s a p l o t of t h i s p o r o s i t y d a t a . The 
s u r f a c e a r e a v a l u e s a r e w i t h n e g l i g i b l e s u r f a c e roughness 
( r l / r w = 0 . 1 ) . 
F i g u r e 6.5 i l l u s t r a t e s t h e e f f e c t o f s u r f a c e 
roughness, as modelled by the r a t i o r l / r w , on the s u r f a c e 
a r e a f o r the o p t i m i s e d p.s.d 12. For t h i s p.s.d. i t can be 














F i g u r e 6.2 O p t i m i s e d primary d r a i n a g e c u r v e s f o r p.s.d. 12 
and p.s.d. 13 
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F i g u r e 6.3 Optimised primary d r a i n a g e c u r v e s f o r p.s.d. B3 
^ and p.s.d. SPB3 
—'• p.s.d. B3 42% blocked t h r o a t s 
p.s.d. SPB3 42% blocked t h r o a t s 
10.0 30.0 50.0 
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T a b l e 6.1 
p.s.d. 12 
pore row spacing = 250 microns 
% B.T. porosity/% S.A./x10-3 sq.m/g 
0 15.9 5.39 
10 14.5 4.99 
20 13.5 4.7 
30 12.1 4.29 
40 •10.5 3.78 
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F i g u r e 6.4 E f f e c t of % b . t . on p o r o s i t y 
p.s.d. 12 
pore row spacing - 250 microns 
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of O-BTmVg i s r l / r w = 50. 
F i g u r e 6.6 shows t h e e f f e c t o f p o r e row s p a c i n g on t h e 
po r o s i t y , f o r p-s.d. 13 a t a pore c o o r d i n a t i o n number of 6. 
6.3.2 Berea 
T a b l e 6.2 shows the change of p o r o s i t y and s u r f a c e a r e a 
with the percentage of blocked t h r o a t s f o r p.s.d. B3. F i g u r e 
6.7 i s a p l o t of t h i s p o r o s i t y d a t a . A p l o t of the v a r i a t i o n 
of the s u r f a c e roughness r a t i o f o r Berea i s shown i n f i g u r e 
6.8 and i t can be seen t h a t s u r f a c e roughness r a t i o , r l / r w , 
r e q u i r e d t o f i t the experimental v a l u e of 8.l2mV9 i s 650. 
6.4 T o r t u o s i t y 
6.4.1 C l a s h a c 
The v a r i a t i o n of t o r t u o s i t y f o r p.s.d.'s 12 and 13 w i t h 
pore c o n n e c t i v i t y a t f i x e d pore row s p a c i n g i s shown i n 
f i g u r e s 6.9 and 6.10. I n t h e s e f i g u r e s i t i s assumed t h a t 
t h e r e i s no b a c k t r a c k i n g o f t h e p a r t i c l e a g a i n s t t h e 
t h e o r e t i c a l p o t e n t i a l f i e l d . F u r t h e r r e s u l t s f o r o t h e r 
assumptions of the t h e o r e t i c a l p o t e n t i a l f i e l d a r e shown i n 
f i g u r e 6.11 where the p a r t i c l e i s a l l o w e d t o b a c k t r a c k one 
l a y e r a g a i n s t the f i e l d and f i g u r e 6.12 where t h e r e i s no 
r e s t r i c t i o n on the p a r t i c l e . 
6.4.2 Berea 
The v a r i a t i o n of t o r t u o s i t y w i t h pore c o n n e c t i v i t y f o r 
p . s . d . ' s B3 and SPB3 a r e shown i n f i g u r e s 6.13 and 6.14 
r e s p e c t i v e l y f o r the assumption of no b a c k t r a c k i n g of t h e 
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F i g u r e 6.6 E f f e c t of pore row s p a c i n g on p o r o s i t y 
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pore row spacing = 211 microns 
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F i g u r e 6.9 V a r i a t i o n i n t o r t u o s i t y f o r 
p.s.d. 12 pore row spacing = 250 microns 
tortuosity • median • 2 1 ^ 1 
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F i g u r e 6.10 V a r i a t i o n i n t o r t u o s i t y f o r 
p.s.d. 13 pore row spacing = 240 microns 
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F i g u r e 6.11 P a r t i c l e a l l o w e d t o move one l a y e r a g a i n s t the 
t h e o r e t i c a l p o t e n t i a l f i e l d (from p.s.d. 5) 
Tortuosity Histogram 
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F i g u r e 6.12 (from p.s.d. 5) 
Tortuosity Histogram 
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F i g u r e 6,13 V a r i a t i o n i n t o r t u o s i t y f o r 
p.s.d. B3 pore row spacing = 211 microns 
tortuosity • median 
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F i g u r e 6.14 V a r i a t i o n i n t o r t u o s i t y f o r 
p.s.d. SPB3 pore row spacing = 211 microns 
tortuosity 
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in 
p a r t i c l e a g a i n s t the t h e o r e t i c a l p o t e n t i a l f i e l d -
6.5 A p p l i c a t i o n of t o r t u o s i t y s i m u l a t i o n to a model system. 
To t e s t the t o r t u o s i t y s i m u l a t i o n , i t was f i r s t a p p l i e d 
to a model system of s t a c k e d s p h e r e s where the pores o c c u r 
a t the i n t e r s t i c e s and the spheres model the s o l i d rock. I t 
can be shown t h a t by s e t t i n g a l l pore d i a m e t e r s i n p u t i n t o 
t he computer model to two u n i t s and the l a t t i c e s p a c i n g to 
4.76 u n i t s , the model approximates a system of simple c u b i c 
packed s p h e r e s where the s p h e r e s j u s t touch and the c u b i c 
pores i n s i d e the v o i d space made by the spheres, j u s t touch 
the s u r f a c e of the spheres as shown i n f i g u r e 6.15. 
The t h e o r e t i c a l t o r t u o s i t y of a s i m p l e c u b i c packed 
system of spheres i s given by W y l l i e and Rose (1950a) a s , 
((3 - 0 ) / 2 ) ^ . The formation f a c t o r of u n c o n s o l i d a t e d s o l i d s 
was g i v e n by DeLaRue and T o b i a s a s . F = 0 -*/^  . T h e r e f o r e 
A 
from e q u a t i o n 4.6 t o r t u o s i t y = <p~^/^ (Chen, 1 9 7 3 ) . G i v e n 
t h a t the p o r o s i t y of a simple c u b i c packed system of spheres 
i s 47.6% (Mayer and Stowe, 1965), t h e s e e q u a t i o n s p r e d i c t 
the t o r t u o s i t y as 1.6 and 1,2 r e s p e c t i v e l y . The s i m u l a t i o n 
of t h i s model system g i v e s a t o r t u o s i t y of 1.6 and = 1.3 
and Q3 = 1.9. I t can be seen t h a t t h e r e i s agreement between 
s i m u l a t i o n and the t h e o r e t i c a l v a l u e due to W y l l i e and Rose. 
However, the equation given by Chen should be c o n s i d e r e d to 
be the more r e l i a b l e as i t i s backed by experimental r e s u l t s 
showing a 4% e r r o r i n the p r e d i c t i o n of the formation f a c t o r 
f o r g l a s s bead packings. ( I t cannot be used f o r c o n s o l i d a t e d 
m a t e r i a l o r i r r e g u l a r l y s h a p e d p a r t i c l e s ) . L i t t l e 
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F i g u r e 6.15 Diagram i l l u s t r a t i n g the model system of s t a c k e d 
s p h e r e s . S o l i d s p h e r e t o u c h e s e a c h i n s i d e c o r n e r o f t h e 
c u b i c pores. A second sphere s t a c k e d on top w i l l s i t so t h a t 
i t s s u r f a c e j u s t touches the lower sphere. 
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e x p l a n a t i o n or v a l i d a t i o n i s g i v e n by W y l l i e and Rose f o r 
the e q u a t i o n they g i v e . Hence i t can be concluded t h a t the 
model c o r r e c t l y s i m u l a t e s t o r t u o s i t y f o r t h e s y s t e m of 
packed s p h e r e s , but i f a n y t h i n g , the v a l u e s p r e d i c t e d a r e 
high by a maximum of 25%. 
6.6 D i s c u s s i o n . 
6.6.1 Primary drainage c u r v e s . 
Much of t h e d i s c u s s i o n f o r t h i s s e c t i o n has a l r e a d y 
been d e a l t with i n s e c t i o n 5.3, o p t i m i s a t i o n of the p.s.d.. 
I t was found during the course of p.s.d. adjustment t h a t the 
c u r v e produced by a c e r t a i n d i s t r i b u t i o n of t h r o a t s i z e s 
combined w i t h a c e r t a i n percentage of b l o c k e d t h r o a t s was 
u n i q u e . T h e r e i s no o t h e r d i s t r i b u t i o n o f t h r o a t s i z e s 
combined w i t h a n o t h e r p e r c e n t a g e of b l o c k e d t h r o a t s t h a t 
g i v e s e x a c t l y the same c u r v e . However t h i s does not imply 
t h a t t h e o p t i m i s e d curve i s t o t a l l y unambiguous and i t i s 
p o s s i b l e t h a t t h e r e i s a c o m b i n a t i o n o f p . s . d . and 
percentage of b l o c k e d t h r o a t s t h a t has a b e t t e r f i t t o the 
e x p e r i m e n t a l c u r v e . N e v e r t h e l e s s i f t h e r e i s a b e t t e r 
c o m b i n a t i o n , i t w i l l not be f a r removed from t h a t found 
here. 
The optimised C l a s h a c p.s.d.'s 12 and 13 were found to 
r e q u i r e 36% b . t . and 45% b . t . r e s p e c t i v e l y t o match t he 
e x p e r i m e n t a l c u r v e most c l o s e l y . These o p t i m i s e d p.s.d.*s 
d i s p l a y the c o r r e c t p o i n t of i n f l e x i o n and a slope which i s 
o n l y s l i g h t l y g r e a t e r t h a n t h e e x p e r i m e n t a l . The B e r e a 
optimum p.s.d. i s B3 run a t 42% b . t . . I t i s c l e a r from t he 
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B e r e a s i m u l a t i o n s t h a t f u r t h e r o p t i m i s a t i o n i s s t i l l 
r e q u i r e d t o r e d u c e t h e s l o p e of t h e s e c u r v e s a s t h e y a r e 
c u r r e n t l y too s t e e p . 
The p e r c e n t a g e of b l o c k e d t h r o a t v a l u e s i n d i c a t e an 
a v e r a g e p o r e c o n n e c t i v i t y ( a . p . c . ) o f 3.30 - 3.84 f o r 
C l a s h a c and 3.48 f o r Berea. There i s no e x p e r i m e n t a l pore 
c o n n e c t i v i t y d a t a a v a i l a b l e f o r C l a s h a c s a n d s t o n e from 
l i t e r a t u r e s o u r c e s , but t h e v a l u e s compare w e l l t o t h a t 
quoted by K o p l i k e t a l (1984) of 3.49 42% b . t . ) f o r a 
M a s s i l l o n sandstone. The average pore c o n n e c t i v i t y of Berea 
has p r e v i o u s l y been measured a t 2.8 (Yanuka e t a l , 1985). 
6.6.2 P o r o s i t y and s u r f a c e a r e a . 
The r e s u l t s show how t h e p o r o s i t y d e c r e a s e s a s t h e 
p e r c e n t a g e of b l o c k e d t h r o a t s i n c r e a s e s . T h i s d e c r e a s e i s 
due t o t h e p o r o s i t y of t h e t h r o a t s w hich a r e e f f e c t i v e l y 
removed ( s e t to zero r a d i u s ) i n the modelling of the blocked 
t h r o a t s . The r e d u c t i o n i s not r e g u l a r as i t depends on what 
t h r o a t s a r e s e t t o z e r o and t h i s a s s i g n m e n t i s a random 
p r o c e s s . The non-regular r e d u c t i o n i n s u r f a c e a r e a i s due to 
t h e same r e a s o n . The s i m u l a t e d p o r o s i t y i n c r e a s e s a s t h e 
u n i t c e l l s i z e d e c r e a s e s . T h i s i s b e c a u s e t h e same pore 
volume i s then contained i n a s m a l l e r o v e r a l l volume. 
The s u r f a c e roughness r a t i o , r l / r w i s a measure of how 
f a r removed t h e s u r f a c e of the rock i s from t h e i d e a l i s e d 
smooth s u r f a c e of t h e model. I t c a n be s e e n t h a t C l a s h a c 
s a n d s t o n e , a l t h o u g h i t h a s a v e r y low s u r f a c e a r e a and 
a p p e a r s smooth i n t h e e l e c t r o n m i c r o g r a p h s , s t i l l h a s a 
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s u r f a c e roughness r a t i o of 50, i n d i c a t i n g i t i s not s o l e l y 
made up o f smooth s u r f a c e s . The r a t i o f o r B e r e a o f 650 
i n d i c a t e s the l e v e l of i n t r i c a c y of i t s i n t e r n a l s t r u c t u r e . 
6.6.3 T o r t u o s i t y . 
The t o r t u o s i t y s i m u l a t i o n shows an i n c r e a s e w i t h t h e 
p e r c e n t a g e o f b l o c k e d t h r o a t s . T h i s i s t o be e x p e c t e d 
because of the fewer o p p o r t u n i t i e s a v a i l a b l e f o r movement as 
t h e a v e r a g e p o r e c o n n e c t i v i t y d e c r e a s e s and so a more 
t o r t u o u s r o u t e i s r e q u i r e d t o f i n d a r o u t e t h r o u g h t h e 
sample. The i n c r e a s e i s not r e g u l a r because t h e t o r t u o s i t y 
s i m u l a t i o n i s a random walk pro c e s s and thus t h e r e i s not a 
r e g u l a r dependence on the percentage of blocked t h r o a t s , but 
t h e o v e r a l l t r e n d i s m a i n t a i n e d , e s p e c i a l l y a t h i g h 
percentages of blocked t h r o a t s . At v a l u e s of blocked t h r o a t 
of approximately 50%, the t o r t u o s i t y i n c r e a s e s markedly f o r 
p.s.d."s 12, 13 and SPB3. 
As s t a t e d p r e v i o u s l y i n s e c t i o n 5.1, the t h e o r e t i c a l 
l i m i t f o r a route through a 3D network, proposed by C h a t z i s 
and D u l l i e n ( 1 9 7 7 ) , i s p^Z = 1.5 where p^ i s t h e 
p e r c o l a t i o n t h r e s h o l d ( p r o b a b i l i t y of open bonds) and Z i s 
the c o o r d i n a t i o n number = 6 i n t h i s c a s e . Therefore, f o r an 
open network p^ = 1.5/6 = 0.25. T h e r e f o r e 75% b . t . s h o u l d 
be the t h e o r e t i c a l l i m i t when t h e r e w i l l be no route through 
a n d t h u s t h e t o r t u o s i t y r o u t i n e w i l l n o t w o r k. Th e 
t o r t u o s i t y r o u t i n e has worked up t o 67% b . t . f o r p.s.d 12 a t 
which p o i n t i t found no path through t h e c e l l . But t h i s i s 
not a p e r c o l a t i o n model and 67% b . t . i s an u n r e a l i s t i c v a l u e 
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of average pore c o o r d i n a t i o n number and equates to 3 3/100 x 
6 = 2 c o n n e c t i o n s p e r p o r e . i . e . a t b e s t a t o r t u o u s 
c a p i l l a r y tube. 
The o p t i m i s e d p o r e s t r u c t u r e s g i v e t h e f o l l o w i n g 
t o r t u o s i t y v a l u e s f o r the i n d i c a t e d p.s.d.'s:-
C l a s h a c p.s.d. 12 @ 36 % A(m)=250Mm a.p.c. = 3.84 r = 2.8 
C l a s h a c p.s.d. 13 @ 45 % A(m)=240Mm a.p.c. = 3.30 T = 3.3 
Berea p.s.d. B3 @ 42 % A(m)=211/im a.p.c. = 3.48 T = 2.9 
Berea p.s.d. SPB3 @ 42 % A(m)=21lMin a.p.c. = 3.48 T = 2.6 
Comparing t h e s e v a l u e s to the e x p e r i m e n t a l v a l u e s of 
2.45 f o r C l a s h a c and 2.01 f o r Berea (see Chapter 4 ) , i t can 
be seen t h a t t h e s i m u l a t e d v a l u e s a r e g r e a t e r . However t he 
simu l a t e d t o r t u o s i t y of the model system of st a c k e d spheres 
was g r e a t e r than the t h e o r e t i c a l v a l u e f o r the system by the 
same o r d e r of magnitude. T h i s c o u l d be due t o a number of 
f a c t o r s : -
1) The assumptions contained i n the t o r t u o s i t y model a r e not 
e x a c t l y c o r r e c t and t h i s c o u l d be a s s u m e d f r o m t h e 
s i m u l a t i o n of the model system. However, J e f f e r s (1990) has 
s t a t e d t h a t a model i s not i n f o r m a t i v e i f i t g i v e s c o r r e c t 
answers immediately, i n which c a s e one might b e l i e v e t h a t 
a l l the assumptions are c o r r e c t which i s very u n l i k e l y a t a 
f i r s t a t t e m p t . I n many c a s e s a wrong a n s w e r i s more 
i n f o r m a t i v e than a c o r r e c t one as i t makes one r e a s s e s s the 
mechanism of the pr o c e s s which i s being modelled and r e a l i s e 
what i s a c t u a l l y b e i n g m o d e l l e d . I n t h i s c a s e t h e s e 
t o r t u o s i t y v a l u e s r e p r e s e n t the maximum v a l u e which c o u l d 
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o c c u r i n a r e a l sandstone. What i s a c t u a l l y b eing modelled 
i s one p a r t i c l e winding i t s way through a network of p o r e s 
and t h r o a t s . I f a v a s t number of p a r t i c l e s were moving 
s i m u l t a n e o u s l y through the medium, then i f t h e s e p a r t i c l e s 
were i o n s i n a c o n d u c t i v i t y experiment, mutual r e p u l s i o n of 
i o n s would m a i n t a i n a l e s s t o r t u o u s r o u t e , and i f t h e 
p a r t i c l e s were .gas m o l e c u l e s i n a d i f f u s i o n e x p e r i m e n t , 
l o c a l c o n c e n t r a t i o n i n c r e a s e s a t l a r g e p o r e s would reduce 
the t o r t u o s i t y from the s i m u l a t e d v a l u e . 
2) M i c r o f r a c t u r e s i n the rock can o c c u r through g r a i n s and 
a t g r a i n 'weld' p o i n t s (King, 1990). I f m i c r o f r a c t u r e s were 
p r e s e n t i n the rock, the t r u e t o r t u o s i t y would be reduced 
from the s i m u l a t e d v a l u e as f r a c t u r e s would " bypass " p a r t s 
of the network. However, a study of the f r a c t u r e d e n s i t y of 
a C l a s h a c sample by P- and S-wave v e l o c i t y measurement has 
r e v e a l e d v e r y l i t t l e microcracking^. Consequently, (1) above 
i s p r o b a b l y t h e main r e a s o n f o r h i g h s i m u l a t e d v a l u e s of 
t o r t u o s i t y . 
P.s.d. B3 and p.s.d. SPB3 i l l u s t r a t e the importance of 
t h e s p a t i a l a r r a n g e m e n t o f p o r e s , n o t j u s t t h e p o r e 
d i s t r i b u t i o n o f p o r e s i z e s . T h e s e two p . s . d . ' s c o n t a i n 
e x a c t l y the same pore s i z e s but t h e i r arrangement i n x, y, 
and z c o o r d i n a t e s i s d i f f e r e n t and t h i s r e s u l t s i n d i f f e r e n t 
t o r t u o s i t y v a l u e s a t corresponding average pore c o n n e c t i v i -
t i e s . 
A m i s r e p r e s e n t a t i o n of the r e s u l t s i s p o s s i b l e a t high 
p e r c e n t a g e s o f b l o c k e d t h r o a t s due t o t h e i n h e r e n t 
complexity of the program. At low average pore c o o r d i n a t i o n 
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numbers i t becomes i n c r e a s i n g l y d i f f i c u l t t o f i n d a 
connected pathway through the u n i t c e l l , many i s o l a t e d a r e a s 
and dead-end pores being i d e n t i f i e d before a connected route 
i s found- Four c l a s s e s of i s o l a t e d a r e a s a r e i d e n t i f i e d . 
1. Simple dead-end pore. I f the p a r t i c l e moves i n t o a pore 
from w h i c h i t h a s no e s c a p e o t h e r t h a n by t h e way i t 
e n t e r e d , i t i s a l l o w e d t o r e t u r n t o i t s n e i g h b o u r and 
continue i t s journey i n another d i r e c t i o n . 
2. I s o l a t e d system. I f two or more dead-end pores a r e found 
to be a d j a c e n t , then t h a t r o u t e to the next l a y e r down i n 
the u n i t c e l l i s abandoned and the p a r t i c l e r e t u r n s t o the 
o r i g i n a l pore on t h a t l a y e r whence i t began i t s random walk. 
A p r o b a b i l i t y of zero i s then a s s i g n e d to t h a t route. 
3. No e x i t from l a y e r X s t a r t i n g from pore L. I f a l l t e n 
o p t i o n s f o r the p a r t i c l e to move to the next l o w e s t l a y e r 
have zero p r o b a b i l i t i e s , then the p a r t i c l e r e t u r n s to the 
top l a y e r and the whole process r e s t a r t e d . 
4. Pore i s o l a t e d on l a y e r a t pore number L. When a route to 
the next lowest l a y e r has been found, the pore a t the end of 
t h a t route becomes the pore from which the ten random walks 
to the next l a y e r s t a r t . As movement only i s allowed i n the 
d i r e c t i o n of the p o t e n t i a l or p e r p e n d i c u l a r to i t , t h i s pore 
may now be i s o l a t e d , as o r i g i n a l l y i t was a c c e s s e d from 
above. I f t h i s i s the case, the p a r t i c l e r e t u r n s to the top 
l a y e r and s t a r t s again. 
The p a r t i c l e has to get p a s t a l l t h e s e s t a g e s before i t 
can reach the f i n a l l a y e r and a t o r t u o s i t y v a l u e a s s i g n e d to 
the pathway. At a high percentage of b l o c k e d t h r o a t s , the 
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p a r t i c l e , may have to r e t u r n to the s t a r t i n g pore w i t h i n the 
p a r t i c u l a r l a y e r or to the top l a y e r i n the u n i t c e l l many 
ti m e s b e f o r e f i n d i n g a r o u t e through- However, t h a t r o u t e 
may be of a low t o r t u o s i t y of 1.5 f o r example and would not 
p o r t r a y the d i f f i c u l t y i n f i n d i n g the r o u t e . F u r t h e r work 
s h o u l d i n c l u d e a s t u d y o f how t h e number o f d i f f e r e n t 
complete r o u t e s v a r i e s w i t h p e r c e n t a g e of b l o c k e d t h r o a t s . 
T h i s would g i v e a more a c c u r a t e d e s c r i p t i o n of the sandstone 
than j u s t the t o r t u o s i t y . 
I n f i g u r e s 6 . l i and 6.12 the t o r t u o s i t y i s seen t o be 
u n r e a l i s t i c a l l y high with some v a l u e s g r e a t e r than 30 being 
c a l c u l a t e d f o r the assumption of the p a r t i c l e not being i n a 
p o t e n t i a l . T h i s i s o b v i o u s l y i n c o r r e c t and v e r i f i e s t h e 
a s s u m p t i o n of t h e p a r t i c l e b e i n g i n a p o t e n t i a l f i e l d . 
A l l o w i n g t h e p a r t i c l e t o b a c k t r a c k one l a y e r a g a i n s t t h e 
p o t e n t i a l s t i l l g i v e s h i g h m e d i a n v a l u e s , h e n c e t h e 
a s s u m p t i o n o f no b a c k t r a c k i n g a g a i n s t t h e t h e o r e t i c a l 
p o t e n t i a l f i e l d . 
The b a s i c c o n c l u s i o n t o be drawn from the t o r t u o s i t y 
s i m u l a t i o n i s t h a t the t o r t u o s i t y f o r a sandstone i s not a 
d e f i n e d v a l u e a s t h o u g h t o f i n e a r l y l i t e r a t u r e ( e . g . 
M a c A l u l l i n and M u c c i n i , 1 9 5 6 ) , b u t i s a d i s t r i b u t i o n o f 
v a l u e s dependent on p.s.d. and average pore c o n n e c t i v i t y . 
The t o r t u o s i t y of the system i n c r e a s e s w i t h a d e c r e a s e i n 
a v e r a g e pore c o n n e c t i v i t y but not r e g u l a r l y and t e n d s t o 
remain a t t h e v a l u e of the open network ( a . p . c . = 6) u n t i l 
a p p r o x i m a t e l y 50% of t h e c h a n n e l s w i t h i n t h e medium a r e 
blocked. 
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6.7 P r e d i c t i o n of d i f f u s i o n c o e f f i c i e n t s from s i m u l a t e d 
t o r t u o s i t i e s . 
I n C h a p t e r 4 t h e f o l l o w i n g e q u a t i o n was c i t e d a s a 
method t o c a l c u l a t e t o r t u o s i t i e s from d i f f u s i o n measure-
ments . 
r'=D3b <p (6.1) 
D 
C o n v e r s e l y i t c a n be u s e d t o p r e d i c t d i f f u s i o n 
c o e f f i c i e n t s from s i m u l a t e d t o r t u o s i t i e s , knowing b u l k 
d i f f u s i o n c o e f f i c i e n t s . 
6.7.1 C l a s h a c d i f f u s i o n c o e f f i c i e n t s . 
Using the v a l u e of 2.8 f o r C l a s h a c (from p.s.d. 12) the 
c a l c u l a t e d d i f f u s i o n c o e f f i c i e n t s a r e : -
methane 2.8^ = 0.243 x 0.11 
D = 3.41 X 10"^ cm^ s " ^ 
n-butane 2.8^ = 0.107 x 0.11 
D 
D = 1.50 X 10"^ cm^ 5"^ 
iso-butane 2.8^ = 0.106 x 0.11 
D = 1.49 X 10"^ cm^ s " ^ 
V a l u e s f o r t h e b u l k d i f f u s i o n c o e f f i c i e n t s were c a l c u l a t e d 
u s i n g equation 3.1 and thes e v a l u e s agree t o w i t h i n 2% w i t h 
measured v a l u e s of bulk d i f f u s i o n c o e f f i c i e n t s (Wakeham and 
S l a t e r , 1973) f o r methane and n-butane. I n t h a t work a v a l u e 
f o r iso-butane was not measured, hence the use of c a l c u l a t e d 
v a l u e s . 
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As the t o r t u o s i t y of 2.8 d e r i v e d from the s i m u l a t i o n i s 
r e g a r d e d a s a h i g h v a l u e , t h e s e d i f f u s i o n c o e f f i c i e n t s 
t h e r e f o r e a r e r e g a r d e d a s minimum v a l u e s . However, t h e 
e x p e r i m e n t a l v a l u e s f o r s a m p l e C I ( s e e t a b l e 3.2) a r e 
a c t u a l l y lower than the p r e d i c t e d v a l u e s , which agree b e s t 
w i t h sample C2 (second u s a g e ) . O v e r a l l c o mparison of t h e 
e x p e r i m e n t a l and s i m u l a t e d r e s u l t s does s u g g e s t t h a t w h i l e 
the model i s c a p a b l e of p r e d i c t i n g d i f f u s i o n c o e f f i c i e n t s 
w i t h i n t h e e x p e r i m e n t a l r a n g e , i t does not p r e d i c t t h e 
anomalously f a s t e r d i f f u s i o n of iso-butane i n dry media. 
I n w a t e r s a t u r a t e d media, t h e c a l c u l a t e d d i f f u s i o n 
c o e f f i c i e n t s a r e : 
methane 2.8^ = 1.88 x 10"^ x 0.11 
D = 2.64 X 10""^ cra^ s " ^ 
n-butane 2.8^ = 0.96 x 10"^ x 0.11 
D = 1.35 X 10""^ cm^ s " ^ 
I n t h i s c a s e the b u l k c o e f f i c i e n t s f o r t h e d i f f u s i o n of 
methane and n-butane p r e - d i s s o l v e d i n water were taken from 
Witherspoon and S a r a f ( 1 9 6 5 ) . T h e r e a r e no c o r r e s p o n d i n g 
r e s u l t s f o r i s o - b u t a n e . I n t h i s c a s e , t h e e x p e r i m e n t a l 
v a l u e s a r e between 10 and 1000 times h i g h e r than the v a l u e s 
c a l c u l a t e d from t h e model. T h i s s u g g e s t s t h a t the s i m p l e 
d i f f u s i o n of p r e - d i s s o l v e d g a s e s through pore water i s not 
the only p r o c e s s o c c u r r i n g . I n p a r t i c u l a r , i t i s l i k e l y t h a t 
the u n s a t u r a t e d pore space of up to 25% makes a s i g n i f i c a n t 
c o n t r i b u t i o n to the magnitude of the d i f f u s i o n c o e f f i c i e n t , 
even though because of the nature of the s a t u r a t i o n p r o c e s s , 
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t h e u n s a t u r a t e d p o r e s and t h r o a t s w i l l be t h e l e a s t 
a c c e s s i b l e p a r t s of the rock. 
T o r t u o s i t y v a l u e s may a l s o be c a l c u l a t e d from measured 
d i f f u s i o n c o e f f i c i e n t s u s i n g t h e same r e l a t i o n s h i p . U s i n g 
the data i n f i g u r e 3.3 f o r methane d i f f u s i o n i n dry C l a s h a c , 
t h i s r e s u l t s i n t o r t u o s i t i e s i n t h e range 1.57 - 3.05. An 
i n s p e c t i o n o f f i g u r e s 6.9 and 6.10 show t h a t a l l t h e s e 
v a l u e s c a l c u l a t e d . f r o m d i f f u s i o n c o e f f i c i e n t s l i e w i t h i n the 
i n t e r - q u a r t i l e range of the s i m u l a t i o n . 
6.7.2 Berea d i f f u s i o n c o e f f i c i e n t s . 
P e r f o r m i n g t h e same s i m u l a t i o n f o r B e r e a d i f f u s i o n 
c o e f f i c i e n t s i n dry media u s i n g the t o r t u o s i t y d e r i v e d from 
p.s.d. 33, the f o l l o w i n g v a l u e s a r e produced. 
methane D = 0.243 x 0.2 = 5.78 x 10"^ 
2.9' 
n-butane D = 0.107 x 0.2 = 2.54 x 10"^ 
2.9' 
iso-butane D = 0.106 x 0.2 = 2.52 x 10"^ 
2.9' 
Comparing t h e s e v a l u e s t o those f o r Berea i n t a b l e 3.2, i t 
can be seen t h a t the p r e d i c t e d v a l u e s a r e g r e a t e r than the 
e x p e r i m e n t a l v a l u e s o b t a i n e d from -samples B l and B2 ( f i r s t 
u s e ) . The p.s.d. from which the t o r t u o s i t y was d e r i v e d i s 
not f u l l y o p t i m i s e d and c o n s e q u e n t l y t h e t o r t u o s i t y i s 
i n c o r r e c t . However i f the e x p e r i m e n t a l t o r t u o s i t y of 2.01 
was used i n the above c a l c u l a t i o n s , the s i m u l a t e d d i f f u s i o n 
c o e f f i c i e n t s w o u l d be e v e n f u r t h e r removed from t h e 
e x p e r i m e n t a l v a l u e s . C l e a r l y e q u a t i o n ( 6 . 1 ) i s t o o 
169 
s i m p l i s t i c t o a c c u r a t e l y model d i f f u s i o n i n a l l r o c k s . I t 
d i r e c t l y c o r r e l a t e s t h e d i f f u s i o n c o e f f i c i e n t w i t h t h e 
p o r o s i t y o f t h e r o c k w h i c h , from a c o m p a r i s o n o f t h e 
d i f f u s i o n c o e f f i c i e n t s of C l a s h a c and Berea (11% and 20% 
p o r o s i t y r e s p e c t i v e l y ) , i s i n c o r r e c t . C o n s i d e r i n g t h a t the 
Berea samples have lower t o r t u o s i t i e s and h i g h e r p o r o s i t i e s 
t h an t h e C l a s h a c samples used i n t h i s s t u d y , and a r e of 
a p p r o x i m a t e l y the same p e r m e a b i l i t y , one would expect the 
B e r e a t o h ave g r e a t e r d i f f u s i o n c o e f f i c i e n t s . Y e t t h e 
o p p o s i t e h a s been found. O b v i o u s l y a n o t h e r f a c t o r i s 
i n v o l v e d to cause the lower d i f f u s i o n c o e f f i c i e n t s of Berea 
and t h i s must be i t s e x t r a c l a y c o n t e n t o v e r t h a t o f 
C l a s h a c . K r o o s s e t a l ( 1 9 8 6 ) found t h a t t h e r e was no 
c o r r e l a t i o n between d i f f u s i o n c o e f f i c i e n t s and p o r o s i t y , 
p e r m e a b i l i t y or formation f a c t o r s , not even t o an o r d e r of 
magnitude. However, the p o i n t s of i n f l e x i o n of the primary 
d r a i n a g e mercury p o r o s i m e t r y c u r v e s f o r C l a s h a c and Berea, 
do show a c o r r e l a t i o n with t h e i r d i f f u s i o n c o e f f i c i e n t s . 
F u r t h e r work must i n c l u d e a study of d i f f e r e n t r o c k s 
to see i f t h i s i s g e n e r a l l y the c a s e . I t must a l s o i n c l u d e a 
s t u d y o f a C l a s h a c s a m p l e o f a c o m p l e t e l y d i f f e r e n t 
p e r m e a b i l i t y to t h a t used i n t h i s work t o v e r i f y t h a t the 
p r e d i c t i o n s reached here f o r C l a s h a c are v a l i d i n d i f f e r e n t 
p e r m e a b i l i t y ranges f o r a rock which i s known not t o have 
the c o m p l i c a t i n g f a c t o r of a l a r g e c l a y content. 
I t can o n l y be c o n c l u d e d a t t h i s p o i n t i n time t h a t 
e q u a t i o n ( 6 . 1 ) i s v a l i d o n l y f o r C l a s h a c s a n d s t o n e and 
p o s s i b l y f o r other sandstones of e q u a l l y low c l a y content. 
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CHAPTER 7 PERMEABILITY FROM GEOMETRY - NETWORK ANALYSIS. 
7.1 I n t r o d u c t i o n 
A l o n g s t a n d i n g problem i n t h e r e s e a r c h o f random 
porous media has been t h e c a l c u l a t i o n o f p e r m e a b i l i t y i n 
terms of the media's pore l e v e l geometry. A method which 
has been rec o g n i s e d f o r many y e a r s i s by the combination of 
Darcy's Law and P o i s e u i l l e ' s Equation (Sch eidegger, 1973^. 
The problem has then o c c u r r e d of r e a l i s t i c a l l y a v e r a g i n g 
pore dimensions over the whole medium. Network a n a l y s i s i s 
a way to s o l v e t h i s problem. 
The flow of f l u i d i n a porous medium i s d e s c r i b e d by Darcy's 
Law: 
dy = - k A 6P (7.1) 
dt 1 
where dv / d t i s t h e v o l u m e t r i c flow, 5P/1 i s t h e p r e s s u r e 
g r a d i e n t a c r o s s the medium, A i s the c r o s s - s e c t i o n a l a r e a , 
and |i i s the v i s c o s i t y of the l i q u i d . The dependence of the 
flow on the random s t r u c t u r e of the medium i s c o n t a i n e d i n 
the p e r m e a b i l i t y , k. 
The f l o w o f a n i n c o m p r e s s i b l e f l u i d i n a t u b e i s 
d e s c r i b e d by the P o i s e u i l l e equation: 
dy = -_7T_r^_S2 (7.2) 
dt 8 /i 1 
where r i s t h e r a d i u s of the tube and 6P/1 i s the p r e s s u r e 
g r a d i e n t a c r o s s the tube. 
(Templeton (1954) found P o i s e u i l l e ' s Law t o apply f o r 
o i l displacement i n c a p i l l a r i e s down to 4^m.) A combination 
of t h e s e two e q u a t i o n s , r e s u l t s i n an e x p r e s s i o n f o r t h e 
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p e r m e a b i l i t y independent of the p r e s s u r e g r a d i e n t imposed on 
the sample. 
k =_2_rl (7.3)* 
8 A 
where r'* i s a v a l u e of r ^ f o r the flow c a r r y i n g c h a n n e l s 
averaged over the whole medium. Only by c o n s i d e r i n g an 
averaged r'* can the 5P/1 terms i n the p r e v i o u s two equations 
be equated. 
A network a n a l y s i s approach to t h i s problem s u p p l i e s 
r^/1- a s the maximal flow through the network of pores and 
t h r o a t s . 
7.2 Network a n a l y s i s a p p l i e d to the sandstone model. 
Network a n a l y s i s i s a method u s e d i n o p e r a t i o n a l 
r e s e a r c h to s o l v e such problems as f i n d i n g the optimum route 
f o r a postman so t h a t he can d e l i v e r a l l h i s l e t t e r s w h i l s t 
t r a v e l l i n g t h e l e a s t p o s s i b l e d i s t a n c e . The same approach 
can be used t o c a l c u l a t e the maximum flow of gas or water 
t h r o u g h a n e t w o r k o f p i p e s c o n n e c t i n g i n s t a l l a t i o n s . 
Computing methods a r e needed f o r such problems a s t h e y can 
become v e r y complex e.g. t h e p r o b l e m o f a s s i g n i n g t e n 
c o n t r a c t s t o t e n c o n t r a c t o r s ( s o l v e d a s a s h o r t e s t p a t h 
through a network diagram) where each c o n t r a c t o r can do only 
one j o b h a s 101, i e . o v e r 3,000,000 d i f f e r e n t p o s s i b l e 
assignments (Whitaker, 1984). 
I n t h i s r e s e a r c h the network a n a l y s i s has been used t o 
g i v e a maximum f l o w t h r o u g h t h e n e t w o r k o f p o r e s and 
t h r o a t s . 
C e r t a i n t erminology i s used i n f o r m u l a t i n g a network 
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model (Whitaker, 1984). A c o n n e c t i o n between two p o i n t s i s 
termed an a r c and c r o s s i n g an a r c w i l l i n c u r c o s t . An a r c 
may h ave a c a p a c i t y l i m i t a t i o n . F o r e x a m p l e , w i t h t h e 
analogy of a road between two c i t i e s , the road may have an 
a r c c a p a c i t y of 100 t o n s i f t h e r e i s a b r i d g e w i t h t h a t 
r e s t r i c t i o n en r o u t e , and a c o s t e q u a l t o t h e p e t r o l 
c o n s u m p t i o n . A r c s c a n a l s o be d i r e c t e d ( c a n o n l y be 
t r a v e r s e d i n one d i r e c t i o n ) or u n d i r e c t e d (can be t r a v e r s e d 
i n e i t h e r d i r e c t i o n ) . The beginning and ending of an a r c i s 
marked by a node. Each network a l s o has a s o u r c e node from 
where p a t h s o r i g i n a t e and a s i n k node where p a t h s end. 
A p p l y i n g t h i s t o t h e m o d e l , an a r c r e p r e s e n t s a 
p o r e - t h r o a t - p o r e pathway and a node i s s i t e d a t the c e n t r e 
of each pore. U n i t c o s t i s i n c u r r e d on p a s s i n g from one pore 
to the next. A minimum c o s t route through the medium i s then 
found. Without t h i s s t i p u l a t i o n t h e f l o w s t e n d t o s w i r l 
u n n e c e s s a r i l y around pores w i t h i n the same h o r i z o n t a l l a y e r 
and so t h e t r u e s p l i t t i n g o f f l o w s t h r o u g h t h e m a j o r 
pathways c a n n o t be deduced. To model p e r m e a b i l i t y , t h e 
c a p a c i t y o f t h e p a t h i s e q u a l t o an t y p e o f t e r m 
( d e r i v e d from the P o i s e u i l l e equation f o r laminar flow) f o r 
each p o r e / t h r o a t system. S l i p flow i s a p p r e c i a b l e f o r s m a l l 
p o r e s (< lO/im) and an a l l o w a n c e i s made f o r t h i s (Dawe, 
1973). See s e c t i o n 7.3.1. 
The network a n a l y s i s then c a l c u l a t e s t he t h e o r e t i c a l 
f l o w s t h a t can p a s s through t h e v a r i o u s b r a n c h e s of t h e 
network depending on the c a p a c i t y of the route. There i s an 
o v e r a l l ' c onservation of flow' from source node t o s i n k node 
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^ so t h a t what goes i n comes out, w i t h no b u i l d up through 
the network, but can pass sideways from one u n i t c e l l t o the 
next. 
The format of the data input i s then of the form: 
from, t o , c o s t , c a p a c i t y 
f o r each a r c i n the network. F o r the f u l l u n i t c e l l t h e r e 
are 5100 such a r c s , 5000 u n d i r e c t e d w i t h i n the u n i t c e l l and 
100 d i r e c t e d from the s o u r c e node t o the top l a y e r o f t h e 
u n i t c e l l . 
The v a l u e obtained as the maximum flow i s an average of 
the c a p a c i t y v a l u e s over o n l y the c h a n n e l s found t o c a r r y 
flow. T h i s can then be used w i t h the e q u a t i o n s p r e v i o u s l y 
o u t l i n e d . 
7;3 D e r i v a t i o n of c a p a c i t y term. 
The c a p a c i t y term i s r e l a t e d t o the p r o b a b i l i t y term 
u s e d i n t h e t o r t u o s i t y s i m u l a t i o n . Whereas t h a t was a 
d i f f u s i v e / c o n d u c t a n c e t e r m r e l a t e d t o r ^ / 1 f o r t h e 
p o r e / t h r o a t system, t h i s i s a flow term r e l a t e d r^/1 f o r the 
p o r e / t h r o a t system. 
The f l o w through t h e c y l i n d r i c a l t h r o a t i s g i v e n by 
P o i s e u i l l e ' s E q u a t i o n . F o r t h e f l o w t h r o u g h t h e s q u a r e 
p o r e s , t h e e q u i v a l e n t e q u a t i o n f o r f l o w t h r o u g h a s q u a r e 
tube i s r e q u i r e d . T h i s can be d e r i v e d as 
dv = 2 SP (7.4) 
dt 57 A* L 
where L i s the width of the tube ( S c h l i c t i n g , 1979). 
F o r a p o r e - t h r o a t - p o r e s y s t e m t h e c a p a c i t y o f t h e 
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system depends on the dimensions of t h e whole system, not 
j u s t t h e l i m i t i n g d i m e n s i o n a s w i l l be shown i n examples 
l a t e r . 
C onsider the diagram shown e a r l i e r i n f i g u r e 5.12. 
The c a p a c i t y of each pore i s : -
2 Cu^^_gP = 1 _ Cu^^ 6P 
57 M Cu, 57/1 
The c a p a c i t y of the t h r o a t i s n r ^ <SP 
8 ^ h 
I n the same way as p a r a l l e l r e s i s t o r s i n an e l e c t r i c a l 
n e t w o r k must be added a s t h e r e c i p r o c a l , t h e n f o r t h e 
c a p a c i t y of the. complete system, the i n d i v i d u a l c a p a c i t i e s 
o f t h e t h r o a t s and p o r e s m u s t a l s o be a d d e d a s t h e 
r e c i p r o c a l i e . adding time per u n i t volume. 
volume flow r a t e = 57ii 57ii 
4CUn-^ 6P 4CUo-* 6P 
8 h 







T r r ^ 
but r'* 
1 









T h i s i s t h e b a s i c c a p a c i t y term. To i l l u s t r a t e t h e 
n e c e s s i t y o f t h e complete geometry t o be i n c l u d e d i n t h e 
c a p a c i t y term as opposed to j u s t the t h r o a t s i z e , c o n s i d e r 
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the f o l l o w i n g two examples 
Example 1; Two l a r g e pores connected by a s m a l l t h r o a t 







r_l term = 
1 57 57 
4 X 180 4 X 140 
8 X 40 
TT X 1' 
= 8 
2.44 X 10"*^ + 5.19 X 10"^ + 101.86 
0.025 = 1/40 
i . e . t h e term i s e n t i r e l y c o n t r o l l e d by t h e 
t h r o a t l e n g t h . I f the cube s i z e s were not i n c l u d e d , t he 
term would be l'*/200 = 0,005. So i t can be seen t h a t the 
p r e s e n c e of the pores i n c r e a s e s t he flow 5 t i m e s over t h a t 
f o r a t h r o a t of = I urn e x t e n d i n g from pore c e n t r e t o pore 
c e n t r e . 
Example 2; The same pores connected by a t h r o a t of diameter 
140^m 
= 8 
n 57 + 
3 
57 
4 X 180 
= 2.15 X 10 
4 x 140 
8 X 40 
TT X 70' 
f o r a t u b e o f r = 70 fxm e x t e n d i n g from p o r e 
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c e n t r e t o pore c e n t r e i n t h i s c a s e would be 70^*7200 = 1.20 
X 10^. So i n t h i s c a s e the presence of the pores has n e a r l y 
doubled the flow over t h a t of the e q u i v a l e n t tube. 
Although t h e t h r o a t s a r e always s m a l l e r or e q u a l i n 
w i d t h t h a n p o r e s i n t h e model and t h e r e f o r e t h e ' r a t e 
d e t e r m i n i n g s t e p ' i n t h e f l o w c a l c u l a t i o n , t h e above 
c a l c u l a t i o n s have shown t h a t the flow due t o a p o r e - t h r o a t -
pore system i s g r e a t e r than the flow of an extended t h r o a t 
of the same o v e r a l l l e n g t h as the p o r e - t h r o a t - p o r e system-
The g r e a t e r e f f e c t i v e c a p a c i t y o f t h e p o r e - t h r o a t - p o r e 
system over a s i m p l e t h r o a t system c a u s e s g r e a t e r flow. No 
such refinement has been found i n other 3-D network models. 
7.3.1 S l i p C o r r e c t i o n 
To the b a s i c c a p a c i t y term a c o r r e c t i o n must be made to 
a l l o w f o r s l i p f l o w . S l i p f l o w i s an i n c r e a s e o f t h e 
observed flow over t h e flow p r e d i c t e d from t h e P o i s e u i l l e 
E q u a t i o n , when t h e mean f r e e p a t h of t h e f l u i d i s o f t h e 
same o r d e r o f m a g n i t u d e a s t h e c h a n n e l i t i s f l o w i n g 
through. T h i s w i l l o n l y have an e f f e c t i n s a n d s t o n e s f o r 
g a s e s a s t h e mean f r e e p a t h f o r l i q u i d s i s v e r y s m a l l 
compared to the pore s i z e s i n sandstones. I n the s l i p flow 
regime the v e l o c i t y of the f l u i d a t the w a l l s of the channel 
i s not zero as i s assumed i n c a s e of P o i s e u i l l i a n ( l a m i n a r ) 
flow. T h i s ' s l i p flow' o c c u r s because i n t h i s regime t h e 
number of c o l l i s i o n s of the gas molecules w i t h the w a l l s of 
the channel i s not n e g l i g i b l e as i s assumed i n laminar flow. 
T h e r e f o r e t h e r e i s an i n c r e a s e d flow over t h a t p r e d i c t e d by 
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t h e P o i s e u i l l e E q u a t i o n . The K n u d s e n number, K i s 
i n d i c a t i v e of the flow regime o c c u r r i n g i n a channel. 
K = >^  /d where X i s the mean f r e e path and d i s 
the channel diameter. 
T h i s i s about 10"^ f o r laminar ( P o i s e u i l l i a n ) flow, 10"^ 
for s l i p / l a m i n a r flow and 10"^ f o r s l i p flow. The mean f r e e 
path, X i s given by 
X = l/(2^7r.Nd2) (7.6) 
where N i s the number of molecules per u n i t volume and d 
i s the diameter of the molecule. T h e r e f o r e , 
'^methane ~ 
2^/2 X TT X 2.446 X 10^5 X (.3559 X 1 0 " ^ ) ^ a t 300 k 
= 7.265 X 10"^ m m o l e c u l e " i 
The Knudsen number f o r methane i n v a r i o u s s i z e t h r o a t s i s 
c a l c u l a t e d below. 
200 Mm t h r o a t : K = 7.265 x 10"^ = 3.6 x 10"^ - laminar 
200 x 10"^ 
50 Atm t h r o a t : K = 7.265 x 10""^ = 1.45 x 10"^ - s l i p / l a m i n a r 
50 X 10"^ 
2 /im t h r o a t : K = 7.265 x 10"^ = 3.63 x 10"^ - s l i p 
2 X 10"*^ 
i . e . f o r the 2 fira t h r o a t the mean f r e e path i s 4% t h a t of 
the t h r o a t s i z e . 
T h e r e f o r e , t h e r e w i l l be s l i p flow i n t h r o a t s l e s s than 
2 iim i n diameter. The s l i p c o r r e c t i o n g i v e n by Dawe (1973) 
was o r i g i n a l l y a p p l i e d to c a p i l l a r y gas v i s c o m e t e r s . He 





<5P 1 + k X 
r 
(7.7) 
f o r an i n c o m p r e s s i b l e f l u i d where k i s a c o n s t a n t which may 
var y w i t h temperature, c a p i l l a r y and molecular s p e c i e s and r 
i s t h e r a d i u s of the tube. 
k X . = 4 M/€ where e i s the c o e f f i c i e n t of e x t e r n a l f r i c t i o n 
and X i s the mean f r e e path of the gas. The r a t i o o f ii/e 
i s c a l l e d t h e c o e f f i c i e n t of s l i p . The e f f e c t of s l i p i s 
n e g l i g i b l e when r i s l a r g e compared t o X • Dawe c a l c u l a t e d 
t h a t M/e = 1 . 1 A • 
The r e f o r e , k X = 4.4 X 
k = 4.4 
The p e r c e n t a g e e r r o r due t o s l i p f l o w may now be 
c a l c u l a t e d f o r methane flow i n v a r i o u s s i z e d t h r o a t s : -
2 ix-m diameter t h r o a t 
k A = 4.4 X 7.265 X 10"^ = 0.32 i . e . 32% e r r o r 
r 1 X 10"^ 
22Mm d i a m e t e r t h r o a t ( t h e c h a r a c t e r i s t i c t h r o a t s i z e o f 
c l a s h a c s a n d s t o n e ) . 
k A = 4.4 X 7.265 x 10"^ = 0.029 i . e . 2.9% e r r o r . 
11 X 10 
When t h i s s l i p c o r r e c t i o n i s added t o t h e c a p a c i t y 
term, i t becomes: 
57 57 8 h (7.8) 
4CUT^ (CU. + 8.8 X) 4CUp' (CUp + 8.8 X) 7r r - ^ ( r + 4.4 X ) 
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For an example of how the s l i p c o r r e c t i o n e f f e c t s t h e 
c a l c u l a t e d c a p a c i t y , c o n s i d e r the same p o r e / t h r o a t system as 
c o n s i d e r e d i n Example 1 e a r l i e r . 
Example 3 : The E f f e c t of S l i p 
r4 = 8 
2.43 X 10"^ + 5.17 X 10"** + 77.199 
= 0.033 = 1/30 
i . e . the c a p a c i t y i s now g r e a t e r than t h a t shown i n example 
1. The flow i s g r e a t e r t h a n . e x p e c t e d from t h e P o i s e u i l l e 
E q u a t i o n and i s now not e n t i r e l y c o n t r o l l e d by the t h r o a t 
l e n g t h . 
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7.4 I n i t i a l problems a s s o c i a t e d w i t h the netvork a n a l y s i s . 
I n t h e o r y , t h e p e r m e a b i l i t y c a l c u l a t i o n a s o u t l i n e d 
above seemed a v i a b l e , novel method. The main problem was 
found t o be t h e l a c k o f computing power a v a i l a b l e a t t h e 
P o l y t e c h n i c . The network a n a l y s i s was a v a i l a b l e i n two 
v e r s i o n s : -
( a ) As a GW-BASIC p r o g r a m i m p l e m e n t e d on t h e P r i m e 
mainframe. 
(b) As p a r t of the SAS/OR s o f t w a r e a v a i l a b l e on p e r s o n a l 
computers, v e r s i o n 6.03. 
U s i n g v e r s i o n (a) t h e problem f o r t h e f u l l u n i t c e l l was 
ran, but no s o l u t i o n was found a f t e r 595 c.p.u. minutes. The 
maximum network s i z e which c o u l d be s o l v e d i n a r e a s o n a b l e 
time was one of 1100 a r c s (2 l a y e r s of u n i t c e l l ) . 
Using method (b) the maximum network s i z e which could be run 
was one of 320 a r c s which i s a s m a l l " c h i p " of the u n i t c e l l 
(3 rows X 10 pores x 2 l a y e r s ) . I n running a problem of 480 
a r c s (3 rows x 10 pores x 3 l a y e r s ) the software would f a i l . 
I t was e v e n t u a l l y d i s c o v e r e d t h a t w i t h the 480 a r c problem, 
the computer was a c t u a l l y c r a s h i n g and i t was not s i m p l y a 
matter of the computer t a k i n g e x c e s s i v e time t o s o l v e t h e 
problem. The 480 a r c network was t r i e d on two d i f f e r e n t 
computers p o s s e s s i n g d i f f e r e n t p r o c e s s o r s , an OPUS PC V wi t h 
a 286 p r o c e s s o r and an OPUS PC V I I w i t h 386 p r o c e s s o r . The 
l a r g e r p r o c e s s o r succeeded only i n running the program t o a 
p o i n t where i t would c r a s h i n a s h o r t e r time but i t c o u l d 
not s o l v e t h e problem. T h i s was a c o n s i d e r a b l e problem 
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c o n s i d e r i n g t h a t the 480 a r c 'chip* of rock was only a s m a l l 
f r a c t i o n of the f u l l 5100 a r c problem. As the problem now 
seemed to be due to memory a PC V I I w i t h expanded memory was 
used. Expanded memory i s s i m p l y an e x t r a m i c r o p r o c e s s o r 
board which can be i n s e r t e d i n t o a p e r s o n a l computer and 
i n c r e a s e s t h e machine's memory c a p a c i t y t o ex e c u t e memory 
i n t e n s i v e p r o c e d u r e s or t o p r o c e s s l a r g e d a t a s e t s such a s 
th e f u l l u n i t c e l l problem. U n f o r t u n a t e l y , t h e approach 
a l s o d i d not work. 
To t r y and understand why the s o f t w a r e was s t i l l not 
w o r k i n g , t h e method by w h i c h t h e s o f t w a r e o p e r a t e s was 
i n v e s t i g a t e d . The ' n e t f l o w p r o c e d u r e ' , a s i t i s termed 
w i t h i n t h e SAS s o f t w a r e , i n v o l v e s two s e p a r a t e s t e p s . 
F i r s t l y , i t f i n d s i f t h e p r o b l e m i s f e a s i b l e . E r r o r 
c h e c k i n g i s performed t o see i f a r c s a r e connected t o t h e 
c o r r e c t n e i g h b o u r s so t h a t f l o w from s o u r c e node t o s i n k 
node c a n p h y s i c a l l y o c c u r . A l s o an i n i t i a l f e a s i b l e 
s o l u t i o n i s f o u n d . T h i s f e a s i b l e s o l u t i o n c o u l d 
t h e o r e t i c a l l y be zero f o r a l l flows and so t h i s s o l u t i o n i s 
o f no v a l u e . D u r i n g t h e s e c o n d s t a g e , t h e f l o w s a r e 
optimised to g i v e the optimal s o l u t i o n by i t e r a t i n g over an 
i n i t i a l s o l u t i o n . I t was a t t h i s second s t a g e where t h e 
software was c r a s h i n g . I t was e v e n t u a l l y r e a l i s e d t h a t the 
problem l a y i n the f a c t t h a t t h e o p e r a t i n g system, MS-DOS 
(DOS 3 v e r s i o n ) only a l l o w s 640k of the RAM t o c a r r y out the 
c a l c u l a t i o n s . Hence an o p e r a t i n g system w i t h o u t t h e 640k 
RAM l i m i t a t i o n would probably s o l v e t h e problem. To i n c u r 
t h e s h o r t e s t t i m e i n r u n n i n g t h e s o f t w a r e i t was a l s o 
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p r e f e r a b l e t o r u n i t on a m a i n f r a m e and s o a f t e r much 
s e a r c h i n g of a c a d e m i c . i n s t i t u t i o n s f o r mainframe computers 
which r a n SAS/OR, the complete 5100 a r c problem was s o l v e d 
a t t h e Manchester Computing C e n t r e (MCC.CMS) u s i n g t h e i r 
Amdahl VM/CMS mainframe with SAS r e l e a s e 5.18 v i a the JANET 
network. The s o l u t i o n r e q u i r e d from 3 t o 15 cpu mi n u t e s 
depending on the percentage b l o c k e d t h r o a t s s p e c i f i e d i n 
the i n i t i a l d ata. 
Appendix 1 g i v e s t h e JANET a d d r e s s of MCC.CMS, t h e 
commands n e c e s s a r y f o r t r a n s f e r r i n g f i l e s from Plymouth t o 
Manchester, t h e format of t h e SAS d a t a f i l e s r e q u i r e d t o 
s o l v e t h e network problems and i n s t r u c t i o n s on the use of 
SAS a t MCC.CMS. 
Some time a f t e r the problem was s o l v e d a t Manchester, 
SAS S o f t w a r e , who had been working on t h e problem them-
s e l v e s , s u p p l i e d us w i t h w i t h a p r e - r e l e a s e copy of SAS 
v e r s i o n 6.04. with t h i s v e r s i o n , the problem could be s o l v e d 
u s i n g a 386 computer a l b e i t i n 1-2 hours, i n d i c a t i n g t h a t 
d u r i n g t h e ni n e months spent t r y i n g t o get v e r s i o n 6.03 to 
work, t h e r e was a bug i n the software! 
7.5 Maximum flow r e s u l t s and p e r m e a b i l i t y c a l c u l a t i o n . 
The maximum f l o w was c a l c u l a t e d f o r t h e optimum 
p . s . d . ' s of C l a s h a c , p.s.d. 12 and p.s. d . 13, and B e r e a , 
p.s.d. B3 and p.s.d. SPB3 and t h e s e r e s u l t s t o g e t h e r w i t h 
the c a l c u l a t e d p e r m e a b i l i t i e s are shown i n Table 7.1. 
An example of the c a l c u l a t i o n of the p e r m e a b i l i t y i s 




optimised*and non-optimised pore geometry 
( 
sample p.s.d. % b.t. A(m) / ^ m 
maximal flow / ^m"^ permeability / mD 
clashac 12 0 250 16,036.6 2,552.2 
clashac* 12 36 250 1,1 14.5 177.4 
clashac 13 36 250 1,430.9 227.6 
clashac 13 0 240 23,677.3 3,925.2 
clashac 13 45 240 684.9 1 13.6 
clashac 13 45 200 957.5 190.5 
clashac 13 45 250 636.9 101.3 
berea* B3 42 21 1 340.54 64.2 
berea* SPB3 42 211 308.9 58.2 
CO 
of 250 nm. 
Example 4. C a l c u l a t i o n of p e r m e a b i l i t y . 
Maximal flow = 1114.5 
T h i s i s t h e sum o f e q u a t i o n ( 7 . 8 ) f o r e a c h p o r e t h r o a t 
s y s t e m i n t h e u n i t c e l l . T h e r e f o r e 1114-5 ^,m^ r e p r e s e n t s 
r ^ / 1 f o r the u n i t c e l l and t h u s P o i s e u i l l e ' s E q u a t i o n and 
Darcy's Law may be equated. 
= 1114.5/im^ where 1 i s the l e n g t h of the u n i t 
c e l l = 10 X A(m) 
r"* = 1114.5/im^ X 2500/iim 
= 2.786 X 10^ Mm'* 
= 2.786 X 10"^® m^  
Now, k =_2L_ri A = 2500 x 2500 x 10"^^ ^ 2 
8 A . 
= TT X 2.786 X IQ'^Q = 1.750 x 10"^^ m^  
8 X (2500)^ X 10"-*-2 
= 1.750 X 10"^ cm^ 
1 Darcy = 9.87 x 10"^ cm^ 
k = 1.750 X 10"^ = 177.4 mP 
9.87 X 10"^ 
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7.6 D i s c u s s i o n of s i m u l a t e d p e r m e a b i l i t i e s . 
The C l a s h a c p.s.d. was optimised around C l a s h a c sample 
C w h i c h had a measured p e r m e a b i l i t y of 192.97 mD. The 
agreement w i t h p . s . d . 12 ( a t t h e o p t i m i s e d c o n d i t i o n s of 
average pore c o n n e c t i v i t y and pore row spacing) i s v e r y good 
w i t h an e r r o r of 8.1%, The agreement w i t h p.s.d 13 i s not 
a s c l o s e w i t h an e r r o r of 41.1%. N e v e r t h e l e s s even t h i s 
v a l u e must be c o n s i d e r e d a 'good' r e s u l t c o n s i d e r i n g t h a t 
t h e p e r m e a b i l i t y h a s been d e r i v e d p u r e l y from t h e p o r e 
d i m e n s i o n s and t h e d e g r e e o f i n t e r c o n n e c t i v i t y o f t h e 
sample. The s i m u l a t e d v a l u e s c o u l d have been o r d e r s of 
magnitude too l a r g e or too s m a l l i n d i c a t i n g s e r i o u s problems 
i n t h e model and t h e a s s u m p t i o n s u s e d i n e q u a t i n g t h e 
p r e s s u r e drop a c r o s s a sample i n the Darcy e x p r e s s i o n and 
the p r e s s u r e drop a c r o s s a tube, averaged f o r the sample, i n 
the P o i s e u i l l e Equation. 
The r e s u l t s have c o n f i r m e d t h e a p p l i c a t i o n o f t h i s 
method which i s v e r y a c c u r a t e compared w i t h other p r e d i c t i v e 
e q u a t i o n s f o r p e r m e a b i l i t y c o n t a i n e d i n t h e l i t e r a t u r e . 
E a r l y l i t e r a t u r e has been reviewed by Sch.leidegger (1974) 
and most equations a r e based on the formula k = <^d^/32 where 
<p i s t h e p o r o s i t y and d i s an ' a v e r a g e * p o r e d i a m e t e r . 
Development of t h i s equation l e a d s to Kozeny type equations 
which d e s c r i b e t h e porous medium by some f u n c t i o n of t h e 
s u r f a c e a r e a and the p o r o s i t y r a i s e d to the power of t h r e e . 
They a r e of the form, 
k = c0^/s2 (7.9) 
where S i s the s u r f a c e a r e a and c an e m p i r i c a l c o n s t a n t , the 
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Kozeny c o n s t a n t and t a k e s t h e v a l u e o f ' 0.5. T h e s e 
r e l a t i o n s a r e used i n l o g a n a l y s i s today (Thompson e t a l , 
1987) although t h e i r a c c u r a c y i s l i m i t e d t o p l u s o r minus 
one order of magnitude. 
A r e c e n t l y proposed r e l a t i o n s h i p f o r the p e r m e a b i l i t y 
has been given by Katz and Thompson (1986) a s , 
k = 1/226 1^^ .1/F (7.10) 
where 1^ i s the c h a r a c t e r i s t i c pore s i z e measured i n microns 
from mercury porosimetry primary drainage curve and k i s the 
abs o l u t e p e r m e a b i l i t y i n mD. F i s the formation f a c t o r . 1^ 
c o r r e s p o n d s t o t h e p r e s s u r e when i n v a d i n g mercury f i r s t 
forms a connecting path spanning the rock, i . e . an i n f i n i t e 
c l u s t e r of connected pores and t h r o a t s i s formed and t h u s 
e l e c t r i c a l c o n d u c t i v i t y through the sample i s achie v e d . 
Using t h i s e x p r e s s i o n to c a l c u l a t e the p e r m e a b i l i t y of 
th e C l a s h a c and Berea samples, t h e f o l l o w i n g r e s u l t s a r e 
obtained. 
F o r C l a s h a c C C l , F = 53.07 (measured i n t h e t o r t u o s i t y 
experiment) , 1^ = 27/im. 
K = _1 X 27^ X 1 
226 53.07 
= 0.061 /im^ = 61.6mD 
Berea BB3A F = 22.06 1^ = 17 m 
K = _ X _ X 17^ X 1 
226 22.06 
= 0,058 nm^ = 58.7mD 
Comparing t h e s e c a l c u l a t e d v a l u e s w i t h the experimental 
ones of a p p r o x i m a t e l y 200 mD f o r C l a s h a c and 275 mD f o r 
Ber e a , i t can be seen t h a t t h e r e i s a g r e a t d i s c r e p a n c y , 
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a l t h o u g h Thompson and K a t z c l a i m t h a t p e r m e a b i l i t i e s 
p r e d i c t e d from e q u a t i o n 7.10 a g r e e w i t h measured v a l u e s 
' w i t h i n e x p e r i m e n t a l e r r o r * which t h e y c l a i m as b e i n g a 
f a c t o r of two. Even the Berea p r e d i c t i o n from t h i s study of 
64.2mD (76.7% e r r o r ) g i v e s a more a c c u r a t e p r e d i c t i o n and 
t h i s i s from a p.s.d. which i s not f u l l y optimised. 
One p o i n t t h a t t h e r e s u l t s h i g h l i g h t i s how t h e 
c a l c u l a t e d p e r m e a b i l i t y i s e x t r e m e l y s e n s i t i v e t o t h e 
a v e r a g e p o r e c o o r d i n a t i o n number. F o r p . s . d . 12, t h e 
p e r m e a b i l i t y of the u n i t c e l l a t 0% b . t . (average pore co-
o r d i n a t i o n of 6) i s 14.4 t i m e s t h a t o f t h e o p t i m i s e d 
geometry, 
i - e . Kg_ =14.4 
^opt 
For psd 13, _Kg_ =34.6 
^opt 
T h i s i n d i c a t e s t h a t the o p t i m i s a t i o n of the p.s.d. from the 
p r i m a r y d r a i n a g e c u r v e of t h e sample i s c r u c i a l i n t h e 
a c c u r a t e p r e d i c t i o n of the p e r m e a b i l i t y . 
F u t u r e work must i n c l u d e a s t a n d a r d method f o r t h i s 
o p t i m i s a t i o n r a t h e r than the h e u r i s t i c method which has been 
use d up t o now. A p o s s i b l e method c o u l d be by a l e a s t 
s q u a r e s f i t to the e x p e r i m e n t a l c u r v e f o l l o w i n g a s t a n d a r d 
sequence of pore s i z e adjustment. 
The numerical d i f f e r e n c e between p.s.d.'s 12 and 13 i s 
t h a t p.s.d. 12 c o n t a i n s 60 t h r o a t s i z e s of 10 fim which have 
been r e p l a c e d by 60 t h r o a t s i z e s o f 100 /im i n p.s.d. 13. 
T h i s has caused an a p p r e c i a b l e i n c r e a s e i n the magnitude of 
the p e r m e a b i l i t y equal to a f a c t o r of 1.54 f o r the u n i t c e l l 
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a t 0% blocked t h r o a t s . The p e r m e a b i l i t y i s seen to d e c r e a s e 
a s t h e pore row s p a c i n g i n c r e a s e s a s i l l u s t r a t e d by t h e 
r e s u l t s f o r p.s.d. 13 a t A(m) = 200, 240 and 250. T h e r e f o r e 
the above comparison of the p.s.d.'s 12 and 13 a t 0% blocked 
t h r o a t s i s not s t r i c t l y v a l i d a s t h e c a p a c i t y v a l u e s t o 
produce t h e r e s p e c t i v e p e r m e a b i l i t i e s were d e r i v e d from 
d i f f e r e n t pore row s p a c i n g s . 
Consequently the p e r m e a b i l i t y of p.s.d. 13, c a l c u l a t e d 
a t t h e o p t i m i s e d c o n d i t i o n s of p . s . d . 12 ( i . e . pore row 
s p a c i n g = 250 and 36% b l o c k e d t h r o a t s ) a l l o w s d i r e c t 
comparison of the p e r m e a b i l i t i e s and so a l l o w s q u a n t i f i c a -
t i o n o f t h e t r u e e f f e c t on p e r m e a b i l i t y o f a change i n 
p • s • d • • 
The r a t i o of p e r m e a b i l i t i e s , ^5psdx3 ~ 227.6 = 1.28 
Kpsdl2 
a t 36% b . t . and a pore row s p a c i n g of 250 microns. 
T h i s i n c r e a s e i s to be expected due t o the l a r g e r pathways 
a v a i l a b l e f o r flow i n p.s.d. 13. 
The p r e d i c t e d p e r m e a b i l i t i e s of B e r e a s a n d s t o n e a r e 
somewhat low compared w i t h the e x p e r i m e n t a l v a l u e but some 
work i s s t i l l r e q u i r e d t o o p t i m i s e i t s p . s . d . a s s t a t e d 
e a r l i e r . However the r e s u l t s i l l u s t r a t e how the arrangement 
of pores w i t h i n the same p.s.d. a f f e c t s the p e r m e a b i l i t y of 
the sample. I n p.s.d. SPB3 a l l the pores g r e a t e r than lOO/xm 
a r e s e p a r a t e d from each other and thus would not be allowed 
t o form connected pathways which would i n f l u e n c e t h e flow. 
(Ambegoakar e t a l (1971) showed t h a t t he conductance of a 
sample i s dominated by pathways of conductance g r e a t e r than 
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a t h r e s h o l d v a l u e ) . 
However the ex t e n t of the e f f e c t on the p e r m e a b i l i t y i s 
not g r e a t (a d e c r e a s e from 64.2mD f o r p.s.d. B3 to 58.2mD 
f o r p.s.d. SPB3). E i t h e r connected pathways of l a r g e pores 
were not formed i n the randomly d i s t r i b u t e d v e r s i o n or, i f 
formed, they d i d not have a g r e a t i n f l u e n c e on the flow. 
7.7 C o n c l u s i o n s 
Although only two sandstones of s i m i l a r pore s i z e s have 
been s t u d i e d i n t h i s work i t can be seen from t h e above 
r e s u l t s a nd d i s c u s s i o n t h a t c h a n g i n g t h e p o r e s i z e 
d i s t r i b u t i o n and pore c o n n e c t i v i t y changes the c a l c u l a t e d 
p e r m e a b i l i t y . Furthermore, the p e r m e a b i l i t y depends on no 
ot h e r parameter ( e s p e c i a l l y no o t h e r a r b i t r a r y parameter) . 
T h e r e f o r e t h e method s h o u l d g i v e r e l i a b l e p e r m e a b i l i t y 
p r e d i c t i o n s f o r sandstones of d i f f e r e n t pore s i z e ranges i f 
the pore s i z e d i s t r i b u t i o n and pore c o n n e c t i v i t y of t h e s e 
o t h e r s a n d s t o n e s a r e u n a m b i g u o u s l y d e f i n e d by m e r c u r y 
p o r o s i m e t r y (and i f t h e r e a r e no c o m p l i c a t i n g f a c t o r s such 
as the movement of f i n e s b l o c k i n g pores and t h r o a t s ) . T h i s 
remains to be seen. 
I n t h i s model t h e r e i s no d i r e c t d e p e n d e n c e o f 
p e r m e a b i l i t y on s u r f a c e a r e a o r p o r o s i t y ( w h i c h a r e a 
consequence of the pore l e v e l geometry, not a cause of i t ) 
as i n Kozeny type equations. I t i s w e l l known t h a t p o r o s i t y 
and p e r m e a b i l i t y do not t r a c k each other and i t i s p o s s i b l e 
f o r v e r y t i g h t petroleum so u r c e r o c k s to have a p p r e c i a b l e 
p e r m e a b i l i t i e s (Krooss e t a l , 1986). 
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The model does not r e q u i r e .the use of a l e n g t h s c a l e 
such a s Thompson and K a t z ' s use of 1^, t h e c h a r a c t e r i s t i c 
pore s i z e d e r i v e d from a c a p i l l a r y p r e s s u r e c u r v e . The use 
of a s i n g l e l e n g t h s c a l e i s not v a l i d a s i t does not t r u l y 
r e p r e s e n t t h e c o m p l e t e p o r e s i z e d i s t r i b u t i o n . I t h a s 
a l r e a d y been shown t h a t the p o i n t of i n f l e x i o n of a primary 
d r a i n a g e c u r v e i s a consequence of t h e network and not due 
t o a p r e p o n d e r a n c e o f p o r e s i z e s c o r r e s p o n d i n g t o t h a t 
p o i n t . 
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CHAPTER 8 THE SIMULATION OF CAPILLARY PRESSURE HYSTERESIS. 
8.1 I n t r o d u c t i o n 
H y s t e r e s i s i n porous media has a l r e a d y been i l l u s t r a t e d 
i n f i g u r e 5.8. I n t h a t f i g u r e t h e p o r e s i z e / v o l u m e 
r e l a t i o n s h i p f o r t h e r e t r a c t i o n of mercury i s d i f f e r e n t t o 
t h a t of the p e n e t r a t i o n and a c e r t a i n degree of t r a p p i n g of 
t h e n o n - w e t t i n g phase a l s o o c c u r s . The amount t r a p p e d i s 
known a s t h e r e t e n t i o n v o l u m e and i s e x p r e s s e d a s a 
percentage of the t o t a l pore volume. 
The h y s t e r e s i s i n mercury p o r o s i m e t r y can be compared 
t o t h e r e c o v e r y e f f i c i e n c y o f o i l from a r e s e r v o i r a f t e r 
d i s p l a c e m e n t by a w a t e r f l o o d (Wardlaw and C a s s a n , 1 9 7 9 ) . 
The r e s i d u a l o i l t h a t remains trapped on a m i c r o s c o p i c s c a l e 
depends on the pore to pore displacement c a p a b i l i t y which i n 
t u r n depends on the pore s i z e d i s t r i b u t i o n , the c o n n e c t i v i t y 
between pores and the pore s i z e to t h r o a t diameter r a t i o . 
The s i m u l a t i o n of t h e s e e f f e c t s has been t h e aim of t h i s 
s e c t i o n of work. Although mercury porosimetry and o i l / w a t e r 
r e l a t i v e p e r m e a b i l i t y t e s t s a r e v e r y d i f f e r e n t , i t i s 
p o s s i b l e t h a t the t r a p p i n g of mercury can be extended t o the 
t r a p p i n g of o i l , p r o v i d i n g the o i l / w a t e r system i s s t r o n g l y 
water wet (Wardlaw and Cassan, 1979). During a w a t e r f l o o d of 
a r e s e r v o i r , i t i s thought t h a t o i l c e a s e s t o flow d u r i n g 
d i s p l a c e m e n t by water because the c o n t i n u i t y of the o i l i s 
broken. The o i l then e x i s t s as g a n g l i a or blobs, the volume 
of which should be p r o p o r t i o n a l to t h a t of mercury f o l l o w i n g 
secondary i m b i b i t i o n i n a mercury p o r o s i m e t r y experiment. 
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R e s u l t s from P i c k e l l e t a l (1966) support t h i s p o s s i b i l i t y . 
The computer model can be used to r e a l i s t i c a l l y i n v e s t i g a t e 
t h e p o r e - l e v e l network e f f e c t s of t h e pore s i z e s on t h e 
withdrawal and t r a p p i n g of non w e t t i n g phase. 
8.2 Causes of h y s t e r e s i s . 
T h e r e a r e two main c a u s e s of t h e h y s t e r e s i s between 
primary drainage and secondary i n h i b i t i o n mercury porosime-
t r y c u r v e s - s t r u c t u r a l h y s t e r e s i s and c o n t a c t a n g l e 
h y s t e r e s i s . 
8.2.1 S t r u c t u r a l h y s t e r e s i s 
T h i s covers the 3-p network e f f e c t s of the geometry of 
pores and t h r o a t s and the pore s i z e e f f e c t s . On drainage of 
w e t t i n g phase, the t h r o a t r a d i u s c o n t r o l s the p r e s s u r e a t 
w h i c h t h a t t h r o a t i s i n t r u d e d by non w e t t i n g p h a s e a s 
p r e v i o u s l y d e s c r i b e d . However secondary i m b i b i t i o n ( i . e . 
t h e emptying of mercury from p o r e s ) i s c o n t r o l l e d by t h e 
pore body s i z e . T h i s can be e x p l a i n e d by c o n s i d e r i n g f i g u r e 
8,1. 
As t h e p r e s s u r e on t h e non w e t t i n g p h a s e (Pnwp) 
i n c r e a s e s , the t h r o a t s of r a d i u s r l and r2 w i l l f i l l u n t i l 
e v e n t u a l l y the p r e s s u r e w i l l be high enough f o r the t h r o a t 
of r a d i u s r3 t o f i l l . On i m b i b i t i o n , t h e p r e s s u r e i s not 
i n c r e a s e d on the w e t t i n g phase, but the p r e s s u r e on the non 
w e t t i n g phase i s d e c r e a s e d i . e . t h e r e i s always a p o s i t i v e 
p r e s s u r e on the non wetting phase. 
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F i g u r e 8.1 Diagram to i l l u s t r a t e t h r o a t c o n t r o l of d r a i n a g e 
and pore body c o n t r o l of i m b i b i t i o n 
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f i r s t assuming i t i s the s m a l l e s t t h r o a t , but the pore of 
r a d i u s r2 cannot empty u n t i l the p r e s s u r e on i t i s reduced 
t o such a v a l u e g i v e n by the L a p l a c e E q u a t i o n t h a t i t can 
empty. As i t would have been o r i g i n a l l y f i l l e d a t a 
p r e s s u r e c o r r e s p o n d i n g to r l , i t w i l l t h e r e f o r e empty a t a 
l o w e r p r e s s u r e t h a n i t was f i l l e d a t , t h u s c a u s i n g 
h y s t e r e s i s i . e . i m b i b i t i o n i s pore body c o n t r o l l e d . 
Now c o n s i d e r the sequence of pores i n f i g u r e 8.2 and 
t h e o r d e r o f f i l l i n g / e m p t y i n g o f non w e t t i n g p h a s e on 
d r a i n a g e / i m b i b i t i o n . F i g u r e 8.2 i l l u s t r a t e s why the c o u r s e 
of the drainage and i n b i b i t i o n c u r v e s a r e not the same, but 
i t does not e x p l a i n the tr a p p i n g of non wet t i n g phase. 
F o r ^non w e t t i n g p h a s e t o empty t h e r e must be a 
continuous unbroken l i n e of non wet t i n g phase to the o u t s i d e 
s u r f a c e . I f t h i s i s not a v a i l a b l e , the non w e t t i n g phase 
canno t e s c a p e . S t r a i g h t c a p i l l a r y t u b e s w i l l n e v e r show 
h y s t e r e s i s b e c a u s e o f t h i s e f f e c t . I t i s o n l y t h e 
i n t e r c o n n e c t e d n e s s of a network t h a t i n t r o d u c e s t r a p p i n g 
(assuming, f o r the moment no t r a p p i n g i s due to p o r e / t h r o a t 
s i z e r a t i o ) . 
Consider the l i n e of pores shown i n f i g u r e 8.3. Pore B 
can only empty when P^wp dropped s u f f i c i e n t l y so t h a t 
pore A can empty. Now c o n s i d e r the same l i n e of pores but 
in c o r p o r a t e d i n t o a 2-D network. T h i s i s shown i n F i g 8.4. 
By the time the p r e s s u r e has dropped f o r pore A to empty, 
i t s neighbouring pores w i l l have a l r e a d y emptied as they a r e 
s m a l l e r . T h e r e f o r e non w e t t i n g phase i n Pore B w i l l j o i n 



















F i g u r e 8.2 Diagram to i l l u s t r a t e the h y s t e r e s i s e f f e c t 
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nwp 
S u r f o c ! 
F i g u r e 8.3 Row of pores 
nwp 
S u r f o c c 
F i g u r e 8.4 The row of pores shown i n f i g u r e 8.3 i n c o r p o r a t e d 
i n a 2-D network 
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from pore C, t h u s c a u s i n g s n a p - o f f of t h e m e r c u r y l i n e 
l e a v i n g Pore A and i t s t h r o a t to Pore B trapped.^Non w e t t i n g 
phase i n Pore E w i l l a l s o be t r a p p e d . Adding a f u r t h e r 
dimension to the network i n c r e a s e s the r o u t e s of a c c e s s f o r 
w e t t i n g phase and c o r r e s p o n d i n g l y the r e t r e a t r o u t e s f o r non 
w e t t i n g phase. Consequently,^non w e t t i n g phase i s t r a p p e d 
i n t h e l a r g e r p o r e s of t h e n e t w o r k and t h i s h a s been 
v e r i f i e d e x p e r i m e n t a l l y ( C h a t z i s and D u l l i e n , 1981). So i t 
can be seen t h a t i t i s the i n t e r p l a y of pores of d i f f e r e n t 
s i z e s and t h e i r d e g r e e of c o n n e c t i o n t h a t c a u s e s t h e 
t r a p p i n g . I t i s shown l a t e r i n the s i m u l a t i o n t h a t t r a p p i n g 
i n c r e a s e s as the pore c o o r d i n a t i o n number d e c r e a s e s . 
Another s t r u c t u r a l e f f e c t of h y s t e r e s i s i s the r a t i o of 
the pore s i z e to the t h r o a t diameter ( p / t r a t i o ) . There i s 
evidence t h a t even i n a s i n g l e non i n t e r c o n n e c t i n g c a p i l l a r y 
c o n t a i n i n g pores and t h r o a t s of v a r y i n g s i z e s , a pore may 
not empty i n t o a t h r o a t i f t h e r a t i o o f t h e i r s i z e s i s 
g r e a t e r than a c e r t a i n v a l u e (Wardlaw and M c K e l l a r , 1981). 
Measurements from p i c t u r e s of g l a s s models g i v e n by Wardlaw 
and MacKellar show t h i s v a l u e to be approximately 6. Wardlaw 
and Cassan (1979), c a l c u l a t e d the p o r e / t h r o a t r a t i o f o r 27 
s a n d s t o n e samples where the t h r o a t s i z e was t a k e n a s t h e 
t h r o a t diameter corresponding to 50% mercury s a t u r a t i o n of a 
sample from the primary drainage c u r v e s of the samples, and 
pore s i z e was measured d i r e c t l y from r e s i n pore c a s t s . The 
t h r o a t diameter i s t h e r e f o r e not a t r u e t h r o a t diameter f o r 
t h e sample be c a u s e of t h e e r r o r s a s s o c i a t e d w i t h mercury 
p o r o s i m e t r y as d i s c u s s e d e a r l i e r , but n e v e r t h e l e s s t h e y 
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o b t a i n e d v a l u e s r a n g i n g 3 to 94 w i t h the average b e i n g 11 
(not i n c l u d i n g the v a l u e of 94 as i t was anomalously h i g h ) . 
Wardlaw and L i , 1987 measured t h e a v e r a g e p / t r a t i o f o r 
Berea sandstone a t 7.3 with a range up to p o s s i b l e 86.25 and 
t h a t f o r I n d i a n a limestone a t 4-8 and 148.7 r e s p e c t i v e l y . 
The reasons f o r t h i s p o r e / t h r o a t t r a p p i n g e f f e c t are g i v e n a 
p o s s i b l e e x p l a n a t i o n by Dawe ( 1 9 7 8 ) . When an i n t e r f a c e 
t r a v e l s through an i r r e g u l a r l y shaped channel i t s shape must 
change. Th e r e f o r e i t s c u r v a t u r e must change and t h i s means 
the c a p i l l a r y p r e s s u r e a c r o s s i t must change as p^ = 2cr/(^ 
where C i s the r a d i u s of c u r v a t u r e . The meniscus i s thus 
c o m p e l l e d to adopt n o n - e q u i l i b r i u m s h a p e s . However t h e 
meniscus i s a l w a y s t r y i n g to a c h i e v e i t s minimum energy 
c o n f i g u r a t i o n and as a r e s u l t i t can s u d d e n l y a d j u s t i t s 
shape. The l i q u i d t h e r e f o r e does not flow u n i f o r m l y but 
moves between pores i n jumps known as Haines jumps. For a 
c e r t a i n p / t r a t i o t h i s a t t a i n m e n t of minimum energy may 
r e s u l t i n 'snap-off* of the mercury column. 
8.2.1.1 Dead end pores. 
The other main cause of s t r u c t u r a l h y s t e r e s i s (and the 
one which was h i s t o r i c a l l y thought to be the only c a u s e of 
h y s t e r e s i s by t h e v a s t m a j o r i t y of r e s e a r c h e r s ) i s t h e 
co n c e p t of dead-end p o r e s . T h i s i s a pore w i t h o n l y one 
e n t r y . Non w e t t i n g phase can p e n e t r a t e t h e pore, but on 
i m b i b i t i o n t h e pore i s b y p a s s e d by w e t t i n g p h a s e . N o n 
A 
w e t t i n g phase cannot withdraw as t h e r e i s no ro u t e i n f o r H^ e 
w e t t i n g phase assuming t h e r e i s no t h r o a t s u r f a c e flow of 
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w e t t i n g phase i n t o the pore as^non w e t t i n g phase withdraws 
v i a t h e b u l k ( s e e s e c t i o n 8 . 3 ) . The number, and h e nce 
c o n t r i b u t i o n of dead-end p o r e s i n c r e a s e s a s t h e p o r e 
c o o r d i n a t i o n number d e c r e a s e s . 
8.2.2. Contact angle h y s t e r e s i s 
There i s much evidence i n the l i t e r a t u r e f o r c o n t a c t 
angle h y s t e r e s i s , t h a t i s a decrease i n the c o n t a c t angle of 
mercury from when i t i n i t i a l l y advances (0,^) through the 
sample to when i t recedes (6^) from the sample ( B e l l e t a l , 
1981, K l o u b e k , 1 9 8 1 ) . The a n g l e u s u a l l y u s e d i n t h e 
a n a l y s i s of mercury porosimetry c u r v e s i s 140' f o r both the 
advancing and r e c e d i n g angle and t h i s i s o b v i o u s l y going to 
i n t r o d u c e g r e a t e r r o r when c o n v e r t i n g p r e s s u r e r e a d i n g s t o 
pore s i z e from the Laplace equation on the i m b i b i t i o n curve. 
( I n p r i n c i p l e , i r r e v e r s i b l e p e n e t r a t i o n of mercury may be 
caused s o l e l y by c o n t a c t angle h y s t e r e s i s (Van B r a k e l e t a l , 
1 9 8 1 ) ) . H y s t e r e s i s i s s i m p l y e x p l a i n e d by c o n s i d e r i n g the 
f o l l o w i n g example. The Laplace equation, u s i n g 140" f o r the 
c o n t a c t angle and 480 dynes/cm f o r the s u r f a c e t e n s i o n of 
mercury reduces t o = 14.7/d w i t h P^ ^ i n bar and d i n 
m icrons. For a r e c e d i n g angle of 120* the e q u a t i o n becomes 
= 9.6/d. Therefore, f o r a 1 m^ pore to f i l l , the p r e s s u r e 
has t o r e a c h 14.7 bar, but f o r a 1 /im pore t o empty t h e 
c a p i l l a r y p r e s s u r e must drop to 9.6 bar. 
I t i s w e l l known from l a b o r a t o r y experiments u s i n g the 
t i l t i n g p l a t e method f o r c o n t a c t a n g l e measurement (Shaw, 
1986) t h a t i m p u r i t i e s i n the l i q u i d , or s u r f a c e roughness of 
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the s u r f a c e the l i q u i d i s advancing or r e c e d i n g over, c a u s e s 
h y s t e r e s i s t o occur. However, as to the p h y s i c a l e x p l a n a t i o n 
of c o n t a c t angle h y s t e r e s i s , v e r y l i t t l e l i t e r a t u r e e x i s t s . 
C o n t a c t a n g l e h y s t e r e s i s can o n l y o c c u r i f i t i s assumed 
t h a t t h e non w e t t i n g p h a s e i s n o t 100% non w e t t i n g a s 
u s u a l l y h a s been t h e c a s e i n m o d e l l i n g t h e p o r o s i m e t r y 
p r o c e s s and f l u i d d i s p l a c e m e n t i n g e n e r a l (e.g. Blunt" and 
K i n g , 1 9 9 1 ) . The c o n t a c t a n g l e c a n o n l y change i f i t 
r e c e d e s o v e r a s u r f a c e w h i c h i t h a s a l r e a d y w e t t e d . A 
p o s s i b l e e x p l a n a t i o n of c o n t a c t angle h y s t e r e s i s i s g i v e n by 
Wardlaw and T a y l o r (1976). An advancing mercury s u r f a c e i s 
expanding and t h e r e f o r e t h e a d v a n c i n g s u r f a c e i s a l w a y s 
'new' and pure. On withdrawal, the r e c e d i n g mercury s u r f a c e 
i s c o n t r a c t i n g and so i m p u r i t i e s w i l l tend t o gather a t t h i s 
s u r f a c e c a u s i n g a change i n the s u r f a c e t e n s i o n , a. As t h e 
r a d i u s of c u r v a t u r e , C = 2a/r and p^ = C.cose then a change to. 
i n a a t a g i v e n p r e s s u r e w i l l cause a change i n the c o n t a c t 
a n g l e . S u r f a c e roughness has the e f f e c t of i n c r e a s i n g t h e 
mercury c o n t a c t a n g l e ( i n g e n e r a l makes a c o n t a c t a n g l e 
f u r t h e r removed from 90") over t h a t of a smooth s u r f a c e . 
8.2.2.1 Contact angle v a l u e s . 
There a r e many d i f f e r e n t e s t i m a t e s i n the l i t e r a t u r e of 
the magnitude of c o n t a c t angle h y s t e r e s i s . Advancing a n g l e s 
of 180* have been quoted f o r mercury i n sandstones (Dunmore 
and S c h o l s , 1979). Kloubek (1981) found 9^ to be 138.4' and 
to be 127.4• on smooth q u a r t z . There would be a g r e a t e r 
d i f f e r e n c e on rough s u r f a c e s . Reported c o n t a c t a n g l e s * h a v e 
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been summarised by Good and M i k h a i l ( 1 9 8 1 ) . I f c o n t a c t 
a n g l e h y s t e r e s i s i s r e c o g n i s e d a n d i n c l u d e d i n t h e 
c a l c u l a t i o n of pore r a d i i from c a p i l l a r y p r e s s u r e , t h e r e i s 
a l s o t h e p o s s i b i l i t y t h a t t h e c o n t a c t a n g l e and s u r f a c e 
t e n s i o n of mercury change a s a f u n c t i o n of pore r a d i u s . 
Kloubek (1981) i n v e s t i g a t e d t h e s e problems and showed to 
be a random s c a t t e r around 130.8' ± 2.5' f o r an i n c r e a s i n g 
pore s i z e and 9^ t o decrease from 106.5* t o 96.6" f o r pore 
s i z e s i n c r e a s i n g from 8 nm to 200 nm. He a l s o showed t h e 
s u r f a c e t e n s i o n f o r a d v a n c i n g mercury t o i n c r e a s e from 
430.7 dynes/cm t o 472.4 dynes/cm and t h a t f o r r e c e d i n g 
mercury t o i n c r e a s e from 456.7 t o 473.7 dynes/cm f o r an 
i n c r e a s e i n p o r e s i z e o f 8 t o 200 nm. The above a r e 
c a l c u l a t e d v a l u e s not e x p e r i m e n t a l l y measured. 
Consequently due to the u n c e r t a i n t y , a 9,^  v a l u e of 140* 
and 9^ of 130' would g i v e a good e s t i m a t i o n of the e f f e c t 
w i t h t h e s u r f a c e t e n s i o n of 480 dyne/cm u s e d f o r b o t h 
drainage and i m b i b i t i o n . 
8.3 The s i m u l a t i o n of secondary i m b i b i t i o n . 
The s e c o n d a r y i m b i b i t i o n c u r v e i s d e r i v e d from t h e 
o p t i m i s e d p . s . d . o b t a i n e d from t h e p r i m a r y d r a i n a g e 
s i m u l a t i o n . The a l g o r i t h m u s e d i n t h i s s i m u l a t i o n i s 
r e p r e s e n t e d by the flow diagram shown i n F i g u r e 8.5. The 
main c r i t e r i o n f o r a pore to empty i s t h a t t h e r e should be a 
continuous unbroken path of non w e t t i n g phase from i t t o the 
s u r f a c e . I f t h i s i s overlooked i n the programming and t h e 
pore allowed to empty s o l e l y when the p r e s s u r e a l l o w s i t t o 
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I n c r e a s e 
hgsize 
Set 'hgsize* to minimum 
throat s i z e 
Scan pores on bottom .layer. 
Empty i f 'conditions* allow 
Increment number of empty pores 
= NTFILL 
YES-
p r i n t 
r e s u l t s HUFILL = NTFILL 
I f any pore i s empty, then 
empty any connected t h r o a t 
adjoining empty throat Check both pores 
Empty pore 
number of empty pores = NUFILL 
i f • conditions •;;l^"'lncrement 
Store 'empty 
volume with 
h g s i z e . 
F i g u r e 8.5 Secondary i m b i b i t i o n flow diagram 
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empty a h y s t e r e s i s loop i s o b t a i n e d but no t r a p p i n g of non 
w e t t i n g phase i s d i s p l a y e d . T h i s was how the s i m u l a t i o n was 
o r i g i n a l l y w r i t t e n and t h e s i m u l a t e d h y s t e r e s i s l o o p of 
f i g u r e 8.6 was o b t a i n e d . ( A l t h o u g h i n c o r r e c t , i t was 
n e v e r t h e l e s s r e a s s u r i n g t h a t the loop c l o s e d i n d i c a t i n g t h a t 
the s i m u l a t e d volume of i n t r u d e d mercury e q u a l l e d t h a t of 
the r e t r a c t e d mercury.) 
The secondary i m b i b i t i o n s i m u l a t i o n i s based on c e r t a i n 
assumptions of the p h y s i c a l p r o c e s s e s o c c u r r i n g a t a pore-
l e v e l . These a r e the c o n d i t i o n s f o r a pore t o empty r e f e r r e d 
to i n the flow diagram of f i g u r e 8.5 and combine to produce 
t h e s e c o n d a r y i m b i b i t i o n , c u r v e and t h e t r a p p i n g o f non 
w e t t i n g phase. The c o n d i t i o n s are as f o l l o w s : -
1. I f the p r e s s u r e i s c o r r e c t i . e . i f t h e p r e s s u r e on a 
pore i s low enough f o r i t to empty, i t w i l l depending on the 
other c o n d i t i o n s . 
2. I f the pore i s not a l r e a d y empty. I n the program, an 
empty p o r e i s one whose s i z e h a s b e e n s e t n e g a t i v e . 
Consequently, i f not otherwise s t a t e d , the program would s e t 
to n e g a t i v e an a l r e a d y empty pore and i t s volume would then 
be counted each time i t was s e t t o n e g a t i v e . 
3. I f i t has a f i l l e d t h r o a t . T h i s i m p l i e s i t s neighbour-
ing pore i s a l s o f u l l of non w e t t i n g phase. 
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4. I f i t s neighbouring pore, to.which i t i s connected by a 
f i l l e d t h r o a t , a l s o has a t l e a s t one f i l l e d t h r o a t . T h i s 
i m p l i e s t h a t t h e f i l l e d n e i g h b o u r i n g p o r e i t s e l f h a s a 
f i l l e d n e i g h b o u r . C o n d i t i o n s 3 and 4 a p p r o x i m a t e t h e 
c r i t e r i o n t h a t t h e r e must be a c o n t i n u o u s unbroken path of 
non w e t t i n g phase to the s u r f a c e f o r a pore to empty. T h i s 
c h e c k s t o a d i s t a n c e of two pores from the c u r r e n t pore i n 
each d i r e c t i o n t h a t t h e r e i s non w e t t i n g phase. To check a 
f u r t h e r pore's d i s t a n c e would i n c r e a s e the complexity of the 
program d r a m a t i c a l l y as the options which have t o be checked 
i n c r e a s e 6 f o l d per pore d i s t a n c e per d i r e c t i o n . 
5. I f the pore s i z e / t h r o a t diameter r a t i o i s c o r r e c t . The 
t r a p p i n g i n c r e a s e s a s p / t i s decreased and t h i s v a r i a t i o n i s 
i l l u s t r a t e d i n the r e s u l t s . A v a l u e of p / t = 5 i s taken as 
a s tandard. 
Displacement of mercury from a v o i d i s assumed t o be 
c o m p l e t e and p i s t o n - l i k e ; no f r a c t i o n a l e m p t y i n g i s 
modelled. A l s o emptying of non w e t t i n g phase i s a 'one way' 
p r o c e s s i . e . s u r f a c e movement i n t o a pore of w e t t i n g phase 
a l o n g s u r f a c e roughness c h a n n e l s and movement out of non 
w e t t i n g phase i n t h e b u l k w i t h i n t h e same t h r o a t i s not 
modelled i . e . the p r o c e s s i l l u s t r a t e d i n f i g u r e 8.7 cannot 
occur. 
I t s h o u l d be n o t e d t h a t a s y e t no c o n t a c t a n g l e 
h y s t e r e s i s or dead-end pore h y s t e r e s i s i s i n c l u d e d i n t h e 
s i m u l a t i o n and so any t r a p p i n g o f non w e t t i n g p h a s e i s 
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F i g u r e 8.7 Diagram showing simultaneous movement of w e t t i n g 
phase i n t o a pore and non w e t t i n g phase out of a pore. T h i s 
p r o c e s s i s not modelled. 
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p u r e l y due t o t h e n e t w o r k e f f e c t s and t h e p / t r a t i o 
d e s c r i b e d above. I n c l u s i o n of c o n t a c t a n g l e and dead-end 
pore e f f e c t s i s a matter f o r f u t u r e work. 
8.3.1 P r o b l e m s a s s o c i a t e d w i t h t h e programming of t h e 
s i m u l a t i o n . 
A number o f p r o b l e m s were e n c o u n t e r e d d u r i n g t h e 
programming of t h e h y s t e r e s i s s i m u l a t i o n and a few a r e 
l i s t e d here to g i v e an i n d i c a t i o n of the debugging r e q u i r e d . 
The f i r s t problem to occur was t h a t a g r e a t e r volume of 
mercury was emptying from t h e model t h a n had e n t e r e d i t 
during the primary drainage s i m u l a t i o n . I t was r e a l i s e d t h a t 
the pores were emptying more than once and l e d to c o n d i t i o n 
2 above. 
However the model s t i l l emptied of more mercury than 
i n i t i a l l y p e n e t r a t e d i t . The r e a s o n f o r t h i s i n v o l v e d the 
method by w h i c h a p o r e i s e m p t i e d o r f i l l e d . D u r i n g 
d r a i n a g e / i m b i b i t i o n , a p o r e i s f i l l e d w i t h / e m p t i e d o f 
mercury by s e t t i n g i t s pore s i z e n e g a t i v e and a c c o r d i n g l y 
adding or s u b t r a c t i n g i t s volume to or from the t o t a l . A f t e r 
the d r a i n a g e s i m u l a t i o n , a l l pore s i z e s were s e t p o s i t i v e 
ready f o r the i m b i b i t i o n s i m u l a t i o n . However t h i s a l l o w e d 
pores t h a t d i d not f i l l on the drainage c y c l e (and thus d i d 
not c o n t r i b u t e t o o c c u p i e d pore volume) t o n e v e r t h e l e s s 
empty and t h u s c o n t r i b u t e t o t h e " e m p t y i n g " v o l u m e . 
T h e r e f o r e a g r e a t e r volume c o u l d empty from the model than 
p e n e t r a t e d i t . T h i s was r e c t i f i e d by s i m p l y s e t t i n g t o 
n e g a t i v e a l l pore s i z e s a f t e r t h e d r a i n a g e s i m u l a t i o n . 
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T h e r e f o r e , the s i z e s of those pores t h a t had f i l l e d and were 
t h u s a l r e a d y n e g a t i v e , became p o s i t i v e and v i c e v e r s a . At 
t h i s stage f i g u r e 8.6 shown e a r l i e r was produced. 
A n o t h e r problem c o n c e r n e d c o n d i t i o n s 3 and 4, t h e 
approximation of a pore emptying only i f i t i s connected by 
a continuous l i n e of mercury to the e x t e r i o r . O r i g i n a l l y t h e 
program checked t o s e e i f a pore had a f i l l e d t h r o a t and 
then to see i f any neighbouring pore had a f i l l e d t h r o a t . I t 
was not checking to see i f the pore connected t o the f i l l e d 
t h r o a t had any f i l l e d t h r o a t s i . e . i t was not checking f o r a 
c o n t i n u o u s l i n e . T h i s problem was not r e a l i s e d f o r many 
weeks and was only found by l a b o r i o u s c h e c k i n g of voluminous 
p r i n t - o u t s t o see which pore numbers had emptied and whether 
t h e i r neighbours i n a l l s i x d i r e c t i o n s had a l r e a d y emptied. 
S u c h a r e t h e p r o b l e m s a s s o c i a t e d w i t h c o m p u t e r 
m o d e l l i n g ; what has thought t o have been programmed by t h e 
programmer i s not always the pr o c e s s which i s being c a r r i e d 
out by t h e computer. Only c a r e f u l , d e t a i l e d c h e c k i n g o f 
r e s u l t s f o r i r r e g u l a r i t i e s can uncover such problems. The 
above examples a r e j u s t a few of t h e many problems t h a t 
h a v e o c c u r r e d i n t h e model a s a w h o l e . A l t h o u g h t h e 
programming of a s e c t i o n such a s the i m b i b i t i o n s i m u l a t i o n 
may o n l y t a k e one or two days, many weeks may s u b s e q u e n t l y 
be t a k e n t o d e b u g t h e s e c t i o n a n d make i t f u n c t i o n 
c o r r e c t l y . 
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8.4 R e s u l t s 
8.4.1 Experimental r e s u l t s 
No e x p e r i m e n t a l d a t a was a v a i l a b l e f o r C l a s h a c i n the 
l i t e r a t u r e . T h e r e f o r e i t was d e c i d e d q u i t e l a t e i n t h e 
co u r s e of t h i s work t h a t I sh o u l d c a r r y out the experiment 
m y s e l f w i t h t h e k i n d use of t h e equipment a t the London 
Research S t a t i o n of B r i t i s h Gas. Two f u l l h y s t e r e s i s loops 
were o b t a i n e d a f t e r f a m i l i a r i s a t i o n w i t h the equipment and 
t h e s e a r e shown i n f i g u r e s 8.8 and 8.9 f o r C l a s h a c samples 
CC2 and CCS. For no apparent reason sample CCS only f i l l e d 
t o 41% por e volume a t maximum p r e s s u r e (2000 p s i ) . On 
r e t r a c t i o n 21% of the t o t a l pore volume remained f i l l e d w i t h 
mercury ( i . e . 50% of the mercury t h a t p e n e t r a t e d pore space 
remained trapped a f t e r i m b i b i t i o n ) . Sample CC2 behaved more 
as expected e x h i b i t i n g a 61% r e t e n t i o n volume . The shape 
of the i m b i b i t i o n curve of f i g u r e 8.9 i s remarkably s t r a i g h t 
and one would t h i n k a t f i r s t s i g h t , t h i s t o be a s i m u l a t e d 
curve, not experimental! 
H y s t e r e s i s loops of Berea sandstone are more common i n 
the l i t e r a t u r e . Two h y s t e r e s i s loops a r e shown i n f i g u r e s 
8.10 and 8.11 and are taken from C h a t z i s and D u l l i e n (1981) 
and Wardlaw and T a y l o r (1976) r e s p e c t i v e l y . F i g u r e 8.10 i s 
of t h e same form a s t h e p r i m a r y d r a i n a g e c u r v e s shown 
e a r l i e r , i n t h i s work e x c e p t i t i s i n terms of c a p i l l a r y 
p r e s s u r e r a t h e r than t h r o a t s i z e . F i g u r e 8.11 has the axes 
t r a n s p o s e d so t h a t t h e pore volume i s on the h o r i z o n t a l 
a x i s . T h i s graph shows w i t h d r a w a l from v a r i o u s p a r t i a l 
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d i r e c t l y c o m p a r a b l e t o t h e s i m u l a t i o n a r e t h e m e r c u r y 
p e n e t r a t i o n up t o maximum s a t u r a t i o n and w i t h d r a w a l c u r v e 
We-
8.4.2 Simulated r e s u l t s 
Two programs s i m u l a t e the i m b i b i t i o n 
i . TPB0X.7,HYSC0N c o n t a i n s c o n d i t i o n s 1-4 s t a t e d e a r l i e r 
i i . TPB0X.7.HYSC0NP/T c o n t a i n s c o n d i t i o n 5 i n a d d i t i o n . 
F i g u r e 8.12 shows t h e e f f e c t of p o r e / t h r o a t r a t i o on t h e 
p e r c e n t a g e of m e r c u r y t r a p p e d f o r o p t i m i s e d p . s . d . 12. 
(Pore row s p a c i n g i s not i n c l u d e d i n f i g u r e 8.12 as i t has 
no e f f e c t on the porosimetry curve.) 
F i g u r e 8.13 shows the e f f e c t of average pore c o o r d i n a -
t i o n number on the t r a p p i n g of mercury a t a p / t r a t i o of 5. 
T a b l e 8.1 i l l u s t r a t e s t h e t r a p p i n g p r o d u c e d by t h e 
optimised pore s i z e d i s t r i b u t i o n s t o g e t h e r w i t h the t r a p p i n g 
produced by the open network a t a p / t r a t i o of 5. 
The h y s t e r e s i s c u r v e s o f t h e o p t i m i s e d p o r e s i z e 
d i s t r i b u t i o n s 12, 13 and B3 a r e shown i n f i g u r e s 8.14, 8.15 
and 8.16 r e s p e c t i v e l y . 
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F i g u r e 8.12 
Effect of pore/throat ratio on retention volume 
p.s.d. 12 36% b.t. 
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F i g u r e 8.13 
Effect of average pore coordination number on retention volume 
p.s.d. 13 pore/Throat ratio = 5 
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Table 8,1 
Retention volunnes of optinnised and open geometries 
p.s.d. a.p.c. p / t ratio retention volume / % 
12 3.84 5 37.68 
12 6 5 21.29 
13 3.3 5 43.57 
13 6 5 19.35 
B3 3.48 5 54.25 
B3 6 5 32.03 
SPB3 3.48 5 63.63 
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8.5 Di3cu33ion of i m b i b i t i o n r e s u l t s . 
The experimental c u r v e s f o r C l a s h a c extend r i g h t up t o 
297 a s t h i s i s t h e pore s i z e t h a t c o r r e s p o n d s t o t h e 
mercury head c o r r e c t i o n , t h a t i s t h e p r e s s u r e due t o t h e 
h e a d o f m e r c u r y a b o v e t h e s a m p l e i n t h e p y c n o m e t e r . 
The r e f o r e t h i s i s the lowest c a p i l l a r y p r e s s u r e a t t a i n a b l e . 
T h i s pore s i z e i s not i n c l u d e d i n t h e p.s.d. o f the model 
be c a u s e n e g l i g i b l e pore s p a c e i s i n v a d e d on t h e p r i m a r y 
d r a i n a g e c u r v e (from which t h e p . s . d . i s t a k e n ) u n t i l a 
p r e s s u r e e q u i v a l e n t t o a pore s i z e of ap p r o x i m a t e l y 100 /xm 
i s a chieved. 
The pore volume which has not been invaded a t a maximum 
p r e s s u r e i s r e f e r r e d t o by Wardlaw and T a y l o r (1976) a s 
^min i^^^ of pore volume f o r sample CC2) and e x p l a i n e d by 
them as being due t o : -
i . i n a c c u r a c i e s of pore volume measurement, i f the drainage 
c u r v e r u n s p a r a l l e l t o t h e p r e s s u r e a x i s o v e r a range o f 
p r e s s u r e s i n d i c a t i n g no more mercury i s being i n j e c t e d , or 
i i . pore space too s m a l l to be invaded a t maximum p r e s s u r e , 
i f mercury i s s t i l l e n t e r i n g t h e sample up t o the maximum 
p r e s s u r e . T h i s second r e a s o n i s prob a b l y t r u e f o r sample 
CC2. 
Assuming t h e pore volume was measured c o r r e c t l y f o r 
s a m p l e CCS, t h e o n l y way t o e x p l a i n t h e low u p t a k e o f 
mercury of 42% i s t h a t 58% of the pore space was c o n t r o l l e d 
by v e r y s m a l l t h r o a t s i z e s , too s m a l l to be invaded a t 2000 
p s i . ( T h i s i s anomalous and the on l y r e a s o n f o r i n c l u d i n g 
i t i n the r e s u l t s i s t o i l l u s t r a t e t h a t of the invaded pore 
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volume, 50% remained occupied by mercury a f t e r i m b i b i t i o n . ) 
F i g u r e 8.12 i l l u s t r a t e s t h a t t h e r e t e n t i o n volume of 
non w e t t i n g phase i n c r e a s e s markedly f o r an decrease i n p / t 
r a t i o . T h i s i s to be expected a s , f o r example, f o r p / t = 2, 
a pore s i z e of 180 |im can o n l y empty i f i t s n e i g h b o u r i n g 
t h r o a t i s o f d i a m e t e r 90 ^im o r g r e a t e r . T h i s would be 
r e l a t i v e l y r a r e . F o r a p / t r a t i o which i s out of range 
(e.g. p / t = 250), the r e t e n t i o n volume, 19.75% i s e q u a l t o 
t h a t produced by TPBOX.7.HYSCON, the program not c o n t a i n i n g 
the p / t r a t i o s i m u l a t i o n . T h i s i s r e a s s u r i n g to know and 
i n d i c a t e s the programming i s c o r r e c t . I t i s i n t e r e s t i n g to 
note t h a t f o r p u r e l y s t r u c t u r a l h y s t e r e s i s , not i n c l u d i n g 
p / t r a t i o e f f e c t s , ( i . e . c o n d i t i o n s 1-4) i n a c o m p l e t e l y 
open network (pore c o o r d i n a t i o n of 6) 9.71% t r a p p i n g o c c u r s 
f o r p.s.d. 12. T h i s i s due then p u r e l y to the 3-dimensional 
i n t e r c o n n e c t e d n e s s of the system. 
F i g u r e 8.13 i l l u s t r a t e s how the t r a p p i n g i n c r e a s e s f o r 
d e c r e a s i n g average pore c o o r d i n a t i o n number a t a c o n s t a n t 
p / t r a t i o . T h i s i s due t o t h e d e c r e a s i n g r o u t e s o f 
wit h d r a w a l f o r non w e t t i n g phase. The non r e g u l a r i n c r e a s e 
i n t r a p p i n g should be noted. 
The r e t e n t i o n v o l u m e s o f t h e o p t i m i s e d p o r e s i z e 
d i s t r i b u t i o n s , shown i n t a b l e 8.1, show a t r a p p i n g of 37.7% 
f o r p.s.d. 12, 43.6% f o r p.s.d. 13 and 54.3% f o r p.s.d. B3. 
These v a l u e s cannot be d i r e c t l y compared t o e x p e r i m e n t a l 
v a l u e s as the f u l l causes of h y s t e r e s i s a r e not y e t i n c l u d e d 
i n t h e s i m u l a t i o n , but they show t h e e f f e c t o f pore s i z e 
d i s t r i b u t i o n on t r a p p i n g . 
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The r e t e n ion volumes a r e d i r e c t l y comparable f o r the 
t h r e e pore s i z e d i s t r i b u t i o n s a t 0% b . t . . The r e t e n . i o n 
volumes of t h e C l a s h a c pore s i z e d i s t r i b u t i o n s a r e v e r y 
s i m i l a r , ( 2 1 . 2 9 % f o r p.s.d. 12 and 19.35% f o r p.s.d. 13) as 
would be e x p e c t e d from t h e i r v e r y s i m i l a r d i s t r i b u t i o n s . 
P.s-d. 12 shows the g r e a t e r t r a p p i n g . T h i s must be due t o 
i t c o n t a i n i n g 60 v a l u e s of t h r o a t s i z e 10 w h i c h a r e 
r e p l a c e d i n p.s.d. 13 by 100 t h r o a t s . T h e r e f o r e t h e r e i s 
a g r e a t e r p / t r a t i o i n p.s.d. 12. A l s o p . s . d . 12 would 
l e a v e more i s o l a t e d l a r g e pores because the 60 v a l u e s of 10 
;xm would empty r e l a t i v e l y e a r l i e r i n the i m b i b i t i o n p r o c e s s 
compared to the 60 v a l u e s of 100 /im i n p.s.d. 13. P.s.d. B3 
shows an a l t o g e t h e r h i g h e r r e t e n i o n volume a t 32%, t h e 
d i f f e r e n c e from t h e s i m u l a t e d C l a s h a c t r a p p i n g b e i n g 
d i r e c t l y a t t r i b u t a b l e to the change i n pore s i z e d i s t r i b u -
t i o n . P.s.d. B3 h a s a w i d e r r a n g e of p o r e s i z e s t h a n 
C l a s h a c r a n g i n g from 1 m^ t o 210 m^ and c o n t a i n s no mid 
range pores of s i z e 35, 40, 60, 80 and 140 ^m, but c o n t a i n s 
a d d i t i o n a l s e t s of l a r g e pore s i z e s of 150, 200 and 210 m^. 
T h i s d i f f e r e n c e a c h i e v e s t h e n e c e s s a r y p o i n t o f 
i n f l e x i o n on t h e p r i m a r y d r a i n a g e c u r v e of 17 m^ w h i l s t 
m a i n t a i n i n g the p o r o s i t y of the u n i t c e l l . Thus s t r u c t u r a l 
h y s t e r e s i s w i l l e f f e c t p.s.d. B3 t o a g r e a t e r e x t e n t than 
p.s.d.*s 12 or 13. T h i s has been shown to be t r u e . 
The t r a p p i n g of p.s.d. SPB3 i s d r a m a t i c a l l y h i g h e r a t 
49.5% and i l l u s t r a t e s the e f f e c t of the p / t r a t i o , i . e . i n 
t h i s c a s e most l a r g e pores w i l l remain f i l l e d as t h e y a r e 
s u r r o u n d e d by s m a l l p o r e s n o t m e e t i n g t h e p / t r a t i o 
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r e q u i r e m e n t s . R e l i a b l e e x p e r i m e n t a l h y s t e r e s i s d a t a on 
Berea i s r e q u i r e d f o r comparison of the s i m u l a t i o n . F i g u r e 
8.10 i s u n r e l i a b l e i n t h a t e x a c t s a m p l e p o r o s i t y and 
p e r m e a b i l i t y were not s t a t e d i n t h e l i t e r a t u r e s o u r c e . 
C h a t z i s and D u l l i e n a l s o show mercury porosimetry c u r v e s f o r 
two o t h e r s a n d s t o n e samples both of which a r e of unknown 
p o r o s i t y and p e r m e a b i l i t y and b o t h a l s o p r o d u c e 50% 
t r a p p i n g o f non w e t t i n g p h a s e . F i g u r e 8.11 i s more 
r e l i a b l e i n t h a t the p o r o s i t y and p e r m e a b i l i t y of the sample 
used are known (20.8% and 390 mD r e s p e c t i v e l y ) . 
The s i m u l a t e d h y s t e r e s i s l o o p s f o r C l a s h a c shown i n 
f i g u r e s 8.14 and 8.15 compare w e l l t o t h e e x p e r i m e n t a l 
c u r v e s . C o m p a r i s o n of t h e s i m u l a t e d and e x p e r i m e n t a l 
( f i g u r e 8.11) c u r v e s f o r Berea i n d i c a t e a good agreement i n 
terms of curve shape and r e s i d u a l mercury r e t e n t i o n . I t i s 
i n t e r e s t i n g to note from f i g u r e 8.11 t h a t e a r l i e r withdrawal 
c u r v e s from l o w e r i n i t i a l s a t u r a t i o n s (W^, W^ , W2) run 
p a r a l l e l to the p r e s s u r e a x i s a t low p r e s s u r e s whereas Wg 
does not and has the same shape as the s i m u l a t i o n . Wardlaw 
and T a y l o r conclude t h a t Sg would a l s o run p a r a l l e l t o the 
p r e s s u r e a x i s i f a low enough p r e s s u r e c o u l d be a c h i e v e d , 
but t h i s i s l i m i t e d by the mercury head above the sample i n 
pycnometer chamber. The s i m u l a t e d c u r v e a l s o shows t h i s 
n o n - p a r a l l e l shape because i n the s i m u l a t i o n , the p r e s s u r e 
due t o the mercury head a l s o i s take n as the l a s t p o i n t of 
the curve. 
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8.6 C o n c l u s i o n s 
F u r t h e r refinement of the program i s needed to i n c l u d e 
a l l a s p e c t s of h y s t e r e s i s , but n e v e r t h e l e s s t h e i m b i b i t i o n 
c u r v e s , u s i n g pore s i z e d i s t r i b u t i o n s o p t i m i s e d from t h e 
p r i m a r y d r a i n a g e c u r v e s , show t h e c o r r e c t s h a p e and 
magnitude of t r a p p i n g ( i f somewhat low). T h i s i s t h e r e f o r e 
a j u s t i f i c a t i o n f o r the models and assumptions used i n t h e 
s i m u l a t i o n of the secondary i m b i b i t i o n p r o c e s s and the model 
i n g e n e r a l . When a l l a s p e c t s of h y s t e r e s i s a r e i n c l u d e d , the 
r e t e n s i o n volume should be uniquely d e f i n e d by 
i . the pore s i z e d i s t r i b u t i o n , 
i i . the average pore c o o r d i n a t i o n number, and 
i i i . the s p a t i a l arrangement of pores. 
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SDMMARY AND SUGGESTIONS FOR FURTHER WORK. 
An a p p a r a t u s t o measure the d i f f u s i o n c o e f f i c i e n t s of 
l i g h t hydrocarbon gases through sandstones has been designed 
and b u i l t . Iso-butane has been found to d i f f u s e anomalously 
f a s t i n dry sandstones compared t o a n o r m a l i s a t i o n term. 
A 3-dimensional computer network model of a sandstone 
pQ.icL 
h a s been d e v e l o p e d w i t h a t t e n t i o n ^ n o t t o i n t r o d u c e any 
a r b i t r a r y parameters. From p o r e - s c a l e geometry, c h a r a c t e r i s -
t i c p r o p e r t i e s of sandstones have been'modelled. P e r m e a b i l i -
t y p r e d i c t i o n s have been found to be a c c u r a t e t o w i t h i n 10% 
of the experimental v a l u e f o r c l a y f r e e sandstone. 
T h i s work has h i g h l i g h t e d c e r t a i n a r e a s which need both 
c l a r i f i c a t i o n and f u r t h e r i n v e s t i g a t i o n . E s s e n t i a l f u r t h e r 
work has a l r e a d y been o u t l i n e d i n the e a r l i e r t e x t . These 
and other p o i n t s a r e l i s t e d below. 
1) The d i f f u s i o n a p p a r a t u s i s v e r y l a b o u r i n t e n s i v e and 
prone t o human e r r o r . Automation of t h e a p p a r a t u s would 
g r e a t l y i n c r e a s e t h e o v e r a l l e a s e of u s e and a c c u r a c y of 
r e s u l t s . 
2) To study o n l y network e f f e c t s of the dry sandstone, the 
e x p e r i m e n t s h o u l d be done o n l y a f t e r t h e sample ha s been 
thoro u g h l y f l u s h e d w i t h hydrocarbons and then b a c k f l u s h e d 
f o r a s t a n d a r d time w i t h n i t r o g e n . T h i s would minimise the 
a d s o r p t i o n of hydrocarbons on t o a c t i v e s i t e s of the c l a y s 
d u r i n g the experiment as they would a l r e a d y be occupied, and 
thus only the e f f e c t of d i f f u s i o n through the porous network 
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would be s t u d i e d . A l s o runs c o u l d then be r e p e a t e d on the 
same sample r a t h e r than h a v i n g t o use a f r e s h sample f o r 
each run. 
3) An e v a l u a t i o n t e c h n i q u e whereby d a t a p o i n t s a r e used 
independently i s r e q u i r e d . 
4) The r e l a t i o n s h i p o f t h e d i f f u s i o n c o e f f i c i e n t o f a 
s a n d s t o n e w i t h t h e i n f l e x i o n p o i n t o f i t s m e r c u r y 
porosimetry primary drainage curve could be i n v e s t i g a t e d . 
5) The computer model and i t s p r e d i c t i o n s need to be t e s t e d 
a g a i n s t sandstones of d i f f e r e n t p e r m e a b i l i t y ranges to t h a t 
used i n t h i s study. 
6) A standard method of pore s i z e d i s t r i b u t i o n o p t i m i s a t i o n 
should be d e v i s e d together with a c u t - o f f p o i n t for what to 
take as the l a r g e s t pore s i z e i n the sample, given t h a t the 
i n i t i a l p o r t i o n of the mercury porosimetry primary drainage 
c u r v e can be due t o roughness of t h e sample s u r f a c e . The 
maximum pore s i z e becomes more important as the average pore 
s i z e r e d u c e s and c o u l d c a u s e l a r g e a r e a s i n p e r m e a b i l i t y 
p r e d i c t i o n f o r t i g h t sandstones i f e r r o n e o u s l y a s s i g n e d . 
7) The dead-end pore e f f e c t and c o n t a c t angle h y s t e r e s i s has 
s t i l l to be i n c l u d e d i n the secondary i m b i b i t i o n s i m u l a t i o n . 
Work has been s t a r t e d on the i n c l u s i o n of c o n t a c t a n g l e 
h y s t e r e s i s , but a problem due to the d i s c r e t e pore s i z e s has 
o c c u r r e d . As e x p l a i n e d i n C h a p t e r 8, a s m a l l e r r e c e d i n g 
a n g l e means a lower p r e s s u r e has to be r e a c h e d b e f o r e a 
g i v e n pore can empty compared to the p r e s s u r e a t which i t 
f i l l e d . T h e refore, by i n p u t t i n g a lower r e c e d i n g angle, the 
r e t e n t i o n volume c a l c u l a t e d by t h e model a t t h e l o w e s t 
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s i m u l a t e d p r e s s u r e i s s i m p l y e q u a l t o the r e t e n t i o n volume 
of a h i g h e r simulated p r e s s u r e when the program i s run w i t h 
equal advancing and rece d i n g a n g l e s . As the l a r g e v a l u e s of 
the p.s.d. a r e w e l l s e p a r a t e d , q u a n t i s e d r e t e n t i o n volumes 
a r e thus c a l c u l a t e d . A more continuous p.s.d. i s r e q u i r e d to 
remedy t h i s . 
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1. SAS program f i l e s 
The SAS program f i l e r e q u i r e d t o run t h e problem i s shown 
below. (The l i n e numbers a r e p u r e l y f o r i d e n t i f i c a t i o n and 
are not needed i n the a c t u a l f i l e . ) : -
1. t i t l e 1 • 
2. t i t l e 2 ' '; 
3. data a r c d l ; 
4. input from to c o s t capac; 
5. c a r d s ; 
6. network data input i n format: from, to, c o s t , c a p a c i t y . 
7. ; 
8. proc netflow 
9. maxflow 
10. nsourcenode = 1001 
11. nsinknode = 0 
12. data = a r c d l 
13. out = a r c o l ; 
14. headnode t o ; 
15. t a i l n o d e from; 
16. c o s t c o s t ; 
17. c a p a c i t y capac; 
18. run; 
19. proc p r i n t data = a r c o l ; 
2 0. run; 
A i 
E x p l a n a t i o n of SAS program f i l e . 
Given below i s a l i n e by l i n e e x p l a n a t i o n of the SAS program 
f i l e shown above. 
1. The t i t l e p r i n t e d on output. 
2. S u b s i d i a r y t i t l e . 
3. De f i n e s t he f i l e t h a t a r c data i s h e l d i n . 
4. Defi n e s format of data. 
5. I n t r o d u c e s the network data. 
6. Network dat a . 
7. T h i s i s always r e q u i r e d . 
8. Invokes network a n a l y s i s . 
9. Invokes maximum flow algorithm. 
10. Numeric s t a r t i n g node. 
11. Numeric f i n i s h i n g node. 
12. Data f i l e . 
13. The f i l e t o which the s o l u t i o n of the problem i s w r i t t e n 
14. I d e n t i f i e s the f i l e c o n t a i n i n g headnode dat a . 
15. I d e n t i f i e s the f i l e c o n t a i n i n g t a i l n o d e data. 
16. I d e n t i f i e s the f i l e c o n t a i n i n g c o s t d a t a . 
17. I d e n t i f i e s the f i l e c o n t a i n i n g c a p a c i t y d a t a . 
18. I n i t i a t e s the problem. 
19. Invokeis p r i n t r o u t i n e and ' i d e n t i f i e s t h e f i l e t o be 
p r i n t e d . 
20. I n i t i a t e s p r i n t r o u t i n e . 
T h i s i s t h e format r e q u i r e d t o run SAS v e r s i o n 5.18 on t h e 
Amdahl 5890 mainframe u s i n g the IBM VM/CMS ope r a t i n g system. 
The coding i s s l i g h t l y d i f f e r e n t when running SAS v e r s i o n 
A i i 
6.03 and 6.04 on an IBM compatible p e r s o n a l computer and i s 
shown below:-
t i t l e 1 ' • 
t i t l e 2 • » 
data a r c d l ; 
input _from_ $ _ t o _ $ _ c o s t capac_; 
c a r d s ; 
network data i n format 
from, to, c o s t , c a p a c i t y 
proc netflow 
maxflow 
sourcenode = '1001' 
sinknode = '0' 
a r c d a t a = a r c d l 
a r c o u t = a r c o l ; 
run; 
proc p r i n t data = a r c o l ; 
run; 
Care must be tak e n t o i n c l u d e t h e s e m i - c o l o n s e x a c t l y 
as shown. 
A i i i 
2. I n s t r u c t i o n s f o r running SAS a t the Manchester Computer 
c e n t r e . (MCC) 
The SAS network data i s produced by the programs p o s t s c r i p t -
ed •.SAS' on PRIME a t Plymouth and i s i n c o r p o r a t e d i n t h e 
r e l e v a n t SAS program. T h i s has then t o be s e n t t o MCC.CMS 
as f o l l o w s . ( I n the f o l l o w i n g s e c t i o n a l l l e t t e r i n g i n bold 
type a r e i n s t r u c t i o n s t o be typed i n t o the computer). 
W h i l s t logged on a t Plymouth, type 
i s o c e p t f t p 
T h i s i n v o k e s t h e i s o c e p t network t o do f i l e t r a n s f e r . The 
prompts a r e then followed f o r s u c c e s s f u l f i l e t r a n s f e r . 
Now log-on a t MCC.CMS. To do t h i s s oftware must be used t o 
a l l o w t h e t e r m i n a l s a t Plymouth t o emulate t h e IBM 3270 
t e r m i n a l s used a t MCC. T h i s software i s a v a i l a b l e on r e q u e s t 
a t MCC. The JANET address of MCC.CMS i s 
n00001000102011 d = .xxxp 
T h i s a c c e s s e s t h e CMS sys t e m i n f u l l s c r e e n mode and i s 
typed i n a t the PAD> prompt of the 3270 emulator. 
MCC.CMS u s e r i . d . and password must then be entered. 
A l l f i l e s r e c e i v e d from i s o c e p t a r e i n i t i a l l y s t o r e d i n the 
' v i r t u a l r e a d e r ' . From here they must be ' r e c e i v e d ' i n t o 
f i l e s p a c e . 
Type RL t o see f i l e s i n rea d e r . 
P9 t o r e c e i v e f i l e s . 
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A l l f i l e s must t h e n be o f t h e c o r r e c t format. To a c h i e v e 
t h i s type, 
c o p y f i l e "Filename* (recfm f I r e c l 8 0 ) . 
The f i l e i s then ready f o r p r o c e s s i n g . To submit t h e f i l e 
t o SAS under b a t c h mode(which i s q u i c k e r than i n t e r a c t i v e 
mode), type 
SAS 'Filename* 
T h e f l o w t h r o u g h e a c h a r c i s o u t p u t i n t h e 
' F i l e n a m e . L i s t i n g ' f i l e and t h e maxflow i s o u t p u t i n t h e 
• Filename.SASLOG' f i l e . F i l e s may be p r i n t e d i n Plymouth 
u s i n g the FPRINT command. 
F u r t h e r d e t a i l s of the VM/CMS f a c i l i t i e s can be found i n the 
MCC VM/CMS I n t r o d u c t o r y Guide (2nd E d i t i o n ) o b t a i n a b l e from 
MCC. 
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• A v i i 
U s i n g the r e s u l t s of s e c t i o n 4.3.3 f o r Berea sample 
BB3A, L-, = 2.26 X 10"^ = 3.94 X 10"^ Siemens 
.757^ 
t h e r e f o r e , F = 1.212 x 10"^ x TT x 1,25' = 10.86 
3.94 X lO'-* X 1.39 
r = (F0) ^  = (10.86 X .202) ^» 
= 1.48 
The r e s u l t i n g t o r t u o s i t y f o r B e r e a seems v e r y low 
compared to t h e v a l u e s e x p e c t e d from t h e A r c h i e e q u a t i o n 
( e q u a t i o n 4.7) and i s a c t u a l l y e q u a l t o t h e t h e o r e t i c a l 
v a l u e f o r t h e t o r t u o s i t y o f a s y s t e m of s i m p l e s t a c k e d 
spheres as d i s c u s s e d i n Chapter 6. F u r t h e r experimental work 
i s recjuired to a s s e s s which of the t o r t u o s i t i e s i s the more 
c o r r e c t -
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